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Introduction
1.1 Hyperbranched polymers and polyalkoxysiloxanes
In the past two decades hyperbranched polymers attracted great attention due to their
unique structures and unusual properties raising the expectation of novel applications.
Common properties of hyperbranched polymers are mainly manifested by their intrinsic
globular structure and large number of terminal functional groups.
[1,2]
 All hyperbranched
polymers including dendrimers have a tree-like structure. The fact that dendrimers
resemble trees is reflected in the name, derived from the Greek word for tree, dendron.
Over the past decade, perfect dendrimers have received immense interest from academic
as well as industrial researchers. However, commercial applications of these perfectly
branched materials are scare, since the tedious multistep synthesis results in unacceptable
costs for most applications.
[3,4]
 In contrast to dendrimers hyperbranched polymers can be
synthesized by one-step reactions. In this case branching is controlled by statistics,
leading to variability in molecular structure and to polydispersity regarding molar mass.
Because the high degree of branching renders entanglement of the polymer impossible,
hyperbranched polymers show a unusual relationship between viscosity and molar mass,
with low viscosity at high molar mass.
[5]
 For coating applications, this should be highly
interesting in terms of the environmental and cost issues, where legislation plays an
important role in the future trend towards coatings with lower volatile organic compounds
than today. The intrinsic high amount of functional groups in hyperbranched polymers
offers great potential in all field of applications, where a high amount of cross-linking
functionality is required.
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Polyalkoxysiloxanes are well known as intermediate products in the field of sol-gel
science, where monomeric alkoxysilanes are used as starting compounds to give coatings,
monolithic gels, highly porous materials, uniform particles, fibers or dense ceramics.
[6]
Via hydrolysis and condensation reactions under the evolution of alcohol alkoxysilanes
polymerize by form three dimensional networks. Full hydrolysis and condensation ends
up with amorphous silicon dioxide, whereas partial reaction gives polymeric products.
Functionalized polyalkoxysiloxanes with polymerizable organic groups like methacrylic-,
vinyl- or amino groups offer the possibility to link carbon-carbon chains covalently to
silica frameworks, thereby combining inorganic with organic polymer chemistry and
generating organic-inorganic hybrid materials with unique and superior properties.
[7,8]
1.2 Content of this thesis
In the following an outline of the contents and objectives of the different chapters is
given. In Chapter 2 of this thesis a survey will be given about synthesis, molecular
structure and properties of hyperbranched polymers especially of hyperbranched
polyalkoxysiloxanes. Applications of these polymers in terms of sol-gel processes and
organic-inorganic hybrid materials will be discussed. In Chapter 3 the synthesis and
characterization of polyethoxysiloxane via triethoxysilanol and triethoxyacetoxysilane is
reported. The molecular structure of the polymers is investigated using 
1
H and 
29
Si NMR.
Molar masses are determined using light scattering, size exclusion chromatography
combined with universal calibration and MALDI-ToF-MS. Chapter 4 shows how to
reduce volatile components in polyethoxysiloxane and how the molar mass of these
polymers can be increased. Results from stripping of polyethoxysiloxane by thin layer
distillation will be compared with normal high temperature vacuum distillation. In
Chapter 5 the synthesis concept for hyperbranched polyethoxysiloxanes will be extended
to several polyorganoalkoxysiloxanes, like polyheptadecafluoro-(1,1,2,2,)-
tetrahydrodecylethoxysiloxane, polymethylethoxysiloxane, polyaminopropyl
ethoxysiloxane or polyvinyl ethoxysiloxane. Chapter 6 describes derivatives of
polyethoxysiloxane having phosphoryloxy and titanyloxy groups. In Chapter 7 it will be
shown, that not only silicon polymers can be synthesized using the concepts elaborated in
chapter 3 and 4, but also other metallates like polyalkoxytitanates. Applications of
Introduction
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polyethoxysiloxane will be given in Chapter 8 to 10, dealing with ultrahydrophobic
coatings and nano-composites with polypropylene and sulfonated polyetheretherketone.
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Chapter 2 
Literature Overview 
2.1 Synthesis of hyperbranched polyalkoxysiloxanes 
One of the major advantages of hyperbranched polymers compared to dendrimers is the 
ease of synthesis by using a one pot reaction compared to multistep synthesis routes for 
dendrimers.[1-4] Beside of grafting polymerization or polymerization of dendronized 
monomers there are two ways for the synthesis of hyperbranched polymers.[5] (i) The so 
called single monomer method (SMM) comprises all synthesis routes starting from ABx 
or latent ABx (x > 1) monomers. As shown already in 1952 by Flory and reviewed by 
many authors such polymerization leads to hyperbranched polymers without gelation 
even at conversions close to 100%.[6,7] However synthetic effort is needed to generate 
ABx monomers and this can pose serious limitations related to monomer scale-up. Thus, 
an even more practical synthesis of hyperbranched polymers would use commercially 
available starting materials in a one-pot polymerization. (ii) One possibility in this respect 
involves an Ax + By (x > 1; y > 2) polymerization. This so called double monomer 
method (DMM) uses Ax and By monomers, which are more readily obtained than ABx 
starting materials. It is well known that the direct polymerization of Ax and By monomers 
generally results in gelation.[8-10] Thus the crucial problem of this approach is how to 
avoid gelation and obtain soluble three dimensional macromolecules. This can be 
accomplished by excess of one monomer or limiting polymer conversion.[11-14] Gelation 
will not occur even at complete conversion if 1/[(x-1)(y-1)] ≥ r ≥ (x-1)(y-1), where r is the 
ratio of the number of A groups to the number of B groups (r = A/B) in the 
polymerization mixture. As an example, complete conversion of the minor component 
can be achieved for an A2+B4 system without gelation when the ratio of A groups to B 
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groups is less than 1/3 or grater than 3. As an alternative, gelation can be avoided by 
controlling the extent of conversion of the reaction. As an example, for a Ax + By system 
gelation can be avoided in case of r=1 if the extent of reaction is less than [1/[(x-1)(y-
1)]]½ For example, for an A2+B4 system in which the number of A and B groups are 
equal, gelation can be avoided if the reaction is terminated at or below about 57% 
conversion using methods like precipitation, cooling or end-capping. Generally gelation 
can be avoided if the relation rp² ≤ 1/[(x-1)(y-1)] is satisfied. Examples include 
hyperbranched polyurea,[12,14] hyperbranched polyether epoxies,[15] hyperbranched 
polycarbosilanes,[11,13] or reaction of tetrabutyl orthotitanate with water in a molar ratio of 
0.5.[16] This theory for the ideal polymerization of Ax and By monomers is based on three 
assumptions: (1) equal reactivity of all A or B groups at any given stage of the reaction; 
(2) no occurrence of side reactions and restriction of the reaction to condensation of A and 
B groups; (3) no intramolecular cyclization and chain termination in the process.[17] If the 
first assumption is invalid gelation should be avoided leading to soluble hyperbranched 
polymers having high molar mass. In other words there must be non-equal reactivity of 
functional groups in the specific monomer pairs giving rise to generation of ABx 
intermediate in situ in the initial stage of polymerization. As outlined by Gao and Yan this 
can be accomplished by using suitable monomer pairs according to their so called coupled 
monomer method (CMM).[5] It is anticipated that cross-linking will not occur if an 
asymmetric monomer AA´ or B´B2 is used. If A´ has a higher reactivity than A, CMM 
affords ‘AA´ + Bx’ polymerization; and if B´ is more active than B, CMM presents ‘A2 + 
B´Bx’ and ‘A2 + CBx’ polymerization systems. When both A and B groups are different 
from A´ and B´ groups, CMM gives an ‘AC + DBx’.  
In terms of polyalkoxysiloxanes the double monomer method (DMM) and the single 
monomer method (SMM) can be found in literature. The most extensively investigated 
and reviewed method is the double monomer method realized as the so called sol-gel 
procedure to produce polyalkoxysiloxanes and siloxane gels.[18] These methods are based 
on coupling of water (a A2 monomer) with tetraalkoxysilane (a B4 monomer) using a 
common solvent like ethanol. However, there is a given probability for the formation of 
loops and cross-links. As a consequence the polymers will gel or at dilute preparation 
conditions form microgels.[19-23] Soluble or liquid high molar mass products are difficult 
to prepare. Therefore this synthesis route is an elaborated compromise between avoiding 
gelation, achieving high molar masses and eliminating volatile monomer fractions. Up to 
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molar ratios of water to tetraalkoxysilane of about 1.5 soluble, liquid products are
obtained, above a ratio of 1.5, gels are produced.
[24-27]
 Molar masses of these products
increase with increasing water to alkoxysilane ratio, but little is known on the branching
structure and the width of their molar mass distributions. 
29
Si NMR indicate all groups
expected for a hyperbranched polymer containing in addition cyclic structures.
[28-30]
 Even
after prolonged reaction time the products still contain A groups having not
reacted.
[28,31,32]
 These groups can undergo further condensation and thus causes aging and
change of the properties upon storage.
[33]
 The fraction of such A groups can eventually be
reduced if the water needed for the reaction is slowly formed in homogenous solution.
[34]
Beside of using water as a A2 monomer other oxygen donors might be used as coupling
agents as well in the so-called non-hydrolytic sol-gel synthesis routes.
[35-37]
 Organic acid
anhydrides may serve as oxygen donors leading to the elimination of ester during
reaction. The reaction of tetraethoxysilane with acetic anhydride was investigated as early
as 1866 by Friedel and Crafts who reported the preparation of acetoxytriethoxysilane.
[38]
Post and Hofrichter indicated that equimolar reaction between tetraethoxysilane and
acetic anhydride yielded a mixture of acetoxytriethoxysilane and diacetoxydiethoxysilane.
These compounds can undergo intermolecular decomposition forming products of higher
molar mass.
[39]
 Dearing and Reid reported the formation of a substance having the sum
formula (C2H5O)2SiO, but nothing was said about molar mass and molecular composition
and structure of this compound.
[40]
 Fujiwara and co-workers reported the formation of
dimeric compounds during reaction of two equivalents acetic anhydride with
tetraethoxysilane.
[41]
 Using trifluoroacetic anhydride in combination with
tetraethoxysilane trifluoroacetoxytriethoxysilane was gained as an intermediate followed
by its condensation to give polyethoxysiloxane. The polymeric nature of this material was
proven by size exclusion chromatography after substitution of the ethoxy groups by
trimethylsilyl groups to obtain a moisture stable derivative.
[42]
All these methods have in common, that in the initial stage of polymerization a AB3
monomer is formed by reaction of an A2 with a B4 molecule. The AB3 monomer can react
further by (i) self condensation if an A group reacts with a B group of another monomer
molecule giving a AB5 molecule. This reaction leads step by step to hyperbranched
polymers. But in all cases described above the AB3 monomer can also self condense if
two A groups react with each other under the evolution of water in case of the classical
sol-gel synthesis or organic acid anhydride in case of the non-hydrolytic synthesis giving
Chapter 2 
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a B3B3 molecule and the A2 starting compound back. (ii) The AB3 monomer can 
furthermore react with a A2 molecule forming a A2B2 monomer or (iii) it can react with a 
B4 molecule leading to an B3B3 molecule. These side reactions may lead to cross-linking 
and gelation. 
Therefore single monomer methods (SMM) offer a more defined way for synthesis of 
hyperbranched polyalkoxysiloxanes avoiding difficulties arising from the side reactions 
described above. The AB3 type monomer in terms of the above described hydrolytic sol-
gel synthesis is triethoxysilanol. This compound is quite unstable towards water and 
polycondensation.[43] Synthetical routes include reaction of triethoxychlorosilane with 
water[44] or oxidation of triethoxysilane using ozone[45,46] or oxygen with silver 
perchlorate as catalyst.[47,48] But in no case isolation of the product was reported. It was 
only characterized in solution by infrared spectrometry and gas liquid chromatography. 
Muzafarov and co-workers reported a new synthetic route to triethoxysilanol with the 
intent to use it as a AB3 type monomer in the synthesis of hyperbranched 
polyethoxysiloxane.[42,49] In a first step sodium triethoxysilanolate is prepared via reaction 
of tetraethoxysilane with sodium hydroxide. Further reaction of this sodium salt with 
acetic acid yields triethoxysilanol, which undergoes polycondensation to hyperbranched 
polyethoxysiloxane while using ammonia as a catalyst. But also in this case 
triethoxysilanol was not isolated in bulk, because condensation of the silanol proceeds 
rather rapidly and already several hours after it is formed, products with one, two and 
three siloxy-substituted silicon atoms are identified in the reaction mixture as could be 
shown by 29Si NMR spectrometry in tetrahydrofurane and toluene solution.[50] Further 
AB3 type monomers in terms of the non-hydrolytic reaction pathway are 
acyloxytriethoxysilanes like acetoxytriethoxysilane. Although work was done to 
synthesize acetoxytriethoxysilane it was not used intentionally as a AB3 type monomer 
for synthesis of hyperbranched polyalkoxysilanes.[38-40,51] 
2.2 Non-hydrolytic synthesis methods for metal oxides 
Beside of the reaction of organic acid anhydrides like acetic acid or trifluoroacetic acid 
anhydride with tetraethoxysilane, which can be used for the synthesis of hyperbranched 
polyalkoxysiloxanes as already mentioned before, other non-hydrolytic synthesis methods 
are described in literature for the synthesis of metal oxides and permit the formation of 
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metal-oxygen-metal (M-O-M) bridges without hydrolysis. This is of special importance
regarding control of composition and homogeneity of binary oxides, due to the different
reactivity of alkoxysilanes and transition metal alkoxides toward hydrolysis and
condensation.
[37,52-54]
Sophisticated methods have been developed to counter the problem of high reactivity of
metal alkoxides towards hydrolysis like decreasing the reactivity of the metal alkoxide
precursor by ligand exchange via chemical modification (alcohol exchange, addition of
carboxylic acid or ß-diketones),
[55,56]
 by controlling the local concentration of water
(dehydration of secondary or tertiary alcohols
[35]
 or esterification reactions induced by
carboxylic acids
[56-59]
) or by stepwise reaction processes either in solution
[59,60]
 or on
surfaces,
[61-63]
 where hydrolysis and condensation of the precursors are separated in time.
Non-hydrolytic sol-gel methods provide another way to overcome the problem of high
reactivity of metal alkoxides towards hydrolysis. These methods can be divided into two
groups, depending on whether they involve hydroxylation reactions or not. In the latter
case rigorously aprotic conditions are preserved by the use of heterofunctional
condensation reactions excluding hydroxyl groups; such reactions will be referred to as
aprotic condensation reactions.
Non-hydrolytic hydroxylation reactions make use of formation of hydroxyl groups at the
metal centers without using water as hydrolysis agent. Some examples are the thermal
decomposition of aluminum alkoxides via cyclic elimination with liberation of alkene
under the formation of a hydroxyl functionality
[64]
 or the action of tertiary alcohols or
benzylic alcohol on metal halides under the evolution of the corresponding organic halide
followed by the formation of a hydroxyl functionality.
[65]
 Another interesting method of
non-hydrolytic hydroxylation is the reaction of carbonyl compounds such as ketones with
basic metal alkoxides, which are able to induce ketolization. Thus, the reaction of acetone
with zinc(II) alkoxide resulted in formation of a gel, ultimately liberating zinc oxide, the
alcohol, and mesityl oxide via the decomposition of the intermediate bisketolate
complex.
[66]
Non-hydrolytic aprotic condensation reactions can be divided by the type of reaction
product evolved:
(i) ester elimination reactions (see Figure 2.1): this type of reaction covers reactions of an
alkoxide group at one metal center with a carboxylate group at another metal center. In
case of silicon compounds this type of reaction can be found by reaction of silicon
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alkoxides with acetic acid anhydride or trifluoroacetic acid anhydride forming in situ the
corresponding monomers like acetoxyalkoxysilanes or trifluoroacetoxyalkoxysilanes,
which undergo further polycondensation.
[38-42]
 A similar reaction of titanium isopropoxide
with two equivalents of acetic acid was found to be mediocre and hardly occurring at
140°C and only then in the presence of TiCl4 as a Lewis-acid catalyst.
[65]
 Ester
elimination polycondensation reactions can also be performed by cocondensation of metal
alkoxides with metal acetates.
[37,67,68]
 This general procedure has been optimized for
anhydrous zirconia gels prepared by reaction of zirconium tetraacetate with zirconium
tetra-n-propoxide in toluene and for anhydrous mixed silicon-zirconia gels by
cocondensation of silicon tetraacetate and zirconium tetra-n-propoxide in toluene.
[69]
 The
reaction of Sn(OBu
t
)4 with Pb(OAc)4 or Sn(OAc)4 in refluxing toluene gives trimeric
molecules of PbSn2(μ3-O)(OBu
t
)4(OAc)4 or hexameric molecules of Sn6O6(OBu
t
)6(OAc)6
respectively. No formation of oxygen bridges is found when performing the same
reactions in pyridine. In this case ligand exchange of acetoxy and tert-butoxy groups take
place giving rise to Sn(OBu
t
)3(OAc) and Pb(OAc)3(OBu
t
) or to Sn(OBu
t
)x(OAc)4-x with
x=1-3 respectively.
[70,71]
(ii) alkyl halide elimination reactions (see Figure 2.1): These reactions show that products
containing M-O-M bridges may be synthesized starting from metal halides and different
oxygen donors such as alkoxides, ethers (organic ethers as well as other ethers like
hexamethyldisiloxane)
[72]
 or benzaldehyde.
[35]
 This mechanism of the condensation
reaction involves the coordination of the oxygen atom of the metal alkoxide to the metal
center of the metal chloride. This complex reacts further to give M-O-M bridges. The
general principle of this nonhydrolytic process is to induce cleavage of the carbon-oxygen
bond instead of the metal-oxygen one.
[37]
 This nonhydrolytic route has been applied to the
preparation of monocomponent gels like alumina
[64]
 silica
[73]
 titania
[74]
 as well as of
bicomponent gels in the systems SiO2-Al2O3
[75]
 TiO2-ZrO2
[76]
 and TiO2-Al2O3.
[77]
 Such
bicomponent gels are homogenous with a high level of M-O-M´ bonds if the rate of
heterocondensation is higher (or of the same order ) as that of homocondensation. In case
of SiO2-Al2O3 and TiO2-ZrO2 gels the high level of homogeneity was proven by 
29
Si-
NMR and crystallization behavior respectively.
(iii) ether elimination reactions (see Figure 2.1): Although ether elimination has been
postulated in the formation of some μ-oxoalkoxides, it has not been developed so far as
sol-gel processing, unlike the two other ways, ester and alkyl halide elimination.
[53,67,78,79]
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M Cl MRO M O M RCl+ +
M OCR´
O
MRO M O M ROCR´
O
+ +
M OR MRO M O M ROR+ +
(i)
(ii)
(iii)
Figure 2.1: Schematic drawing of aprotic non-hydrolytic synthesis methods for forming
metal oxo bridges: (i) ester elimination reaction (ii) alkyl halide elimination reaction (iii)
ether elimination reaction
In most reports described above the stoichiometric ratio of the reactants was chosen in
such a way that gels were obtained. Only a few investigations report the formation of
polymers. Thus the reaction of acetyl chloride with tetraethoxysilane in a 1:1 molar ratio
at 135°C to 160°C gives triethoxychlorosilane.
[80,81]
 The same reaction at a temperature of
200°C gave a spongy siliceous polymeric residue.
[80]
 Unfortunately nothing was said
about the reaction mechanism, solubility, molecular structure or molar mass of these
polymers. It is known, that silicon tetrachloride reacts with tetraethoxysilane under the
evolution of ethylchloride using a Lewis-acid catalyst like FeCl3.
[73]
 Therefore
triethoxychlorosilane might work as a AB3 type monomer for the synthesis of
hyperbranched polyethoxysiloxane.
2.3 Molecular architecture of hyperbranched polymers
Isomerism and molar mass distribution
In contrast to flawless branched dendrimers hyperbranched polymers are more similar to
linear polymers in terms of isomerism and polydispersity. Hyperbranched polymers show
a distinct polydispersity concerning molar mass but also isomerism and variation in
geometrical shape. Because of the plurality of different possible branching points there
exists a plurality of possible isomers having the same molar mass. Flory calculated the
number of possible isomers at given polymerization degree n and given functionality ABx
to (nx)!/((nx-n+1)!n!).
[17]
 For instance a polymerization degree of 10 and a functionality
x=3 gives roughly 16800 possible isomers. That high amount of possible isomers leads to
Chapter 2 
12 
a high variation in geometrical shape and radius of gyration. Therefore the measurement 
of molar mass distribution by size exclusion chromatography (SEC) might be disturbed 
by the fact that SEC reflects the hydrodynamic volume of a polymer due to not only its 
molar mass but also to the size differences produced by geometrical isomerism. 
Regarding the molar mass distribution of hyperbranched polymers from a theoretical 
point of view these polymers exhibit in general a high polydispersity, which can be higher 
than for linear polymers. This is due to the effect of branching itself as already described 
by Flory.[17] Multifunctional molecules of type ABn react with each other where A and B 
describe different functional groups. A and A as B and B cannot react with each other but 
A can undergo addition/condensation with B (see Figure 2.2). 
 
 
Figure 2.2: Schematic synthesis of a hyperbranched polymer via polycondensation of AB3 
type monomers 
For n B groups per monomer molecule, the number of not reacted A groups in a x-mer 
(an oligomer or polymer molecule with the degree of polymerization of x) is one, the 
number of not reacted B groups is (n-1)·x+1. The branching coefficient α equals the 
probability that a chosen B group has reacted (α = pB).[6,17] Because the number of reacted 
A and B groups must be the same, one gets: pA = pB·n. The total conversion and the 
conversion of A groups is the same (p = pA). Concluding one yields: 
 
n
p
=α  (2.1) 
The maximum value that α can approximate (but not reach) is 1/n. This would be the case 
at an unrealistic complete conversion (p = 1). Because the critical value for network 
formation is αc = 1/n [6,17] cross-linking cannot take place. These statements hold only for 
pure ABn systems, in the presence of AmBn (m > 1, n ≥ 0) cross-linking is possible. Thus, 
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if cross-linking should be omitted care must be taken that the monomer is not
contaminated by molecules which contain more than one A group or that such species are
formed by side reactions.
Figure 2.3: Conversion dependence of the averages of the degree of polymerization DPn,
DPw and the polydispersity DPw/DPn for the polycondensation of an AB3 monomer.
Under the assumption that all functional groups have equal reactivity, i. e. that
electronical neighbor effects or sterical hindrances can be neglected, and no side reactions
like intramolecular ring formation take place, the average values for degree of
polymerization and polydispersity are:
[6,17]


n1
1
DPn (2.2)
 2
2
w
n1
n1
DP


 (2.3)



n1
n1
DP
DP
PDI
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n
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This is graphically demonstrated in Figure 2.3. The obtained polymers are broadly
distributed and for full conversion the polydispersity even reaches infinity.
Degree of branching (DB):
[82]
For a hyperbranched molecule with a given degree of polymerization different isomers
are formed. These differ in their branching structure or “degree of branching”. The degree
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of branching is one of the most important molecular parameters for branched polymers. It
exerts a tremendous influence on the physical and chemical properties of polymer
materials. For AB2 type polymers the degree of branching can be calculated according to
eq. (2.5), where D, T and L represent the fraction of dendritic, terminal and linearly
incorporated monomers in the resulting hyperbranched polymers. The amount of the
different fractions can be obtained for example by integration of the respective signals in
NMR-spectra.
[1,7,83]
TLD
TD
DB


 (2.5)
But this equation overestimates the degree of branching for small or little branched
molecules.
[82,84]
 Therefore Hölter, Burgath and Frey have defined the degree of branching
as the fraction of actual growth directions in a polymer to the number of maximum
possible growth directions and derived eq. (2.6) for AB2 type polymers.
LD2
D2
DB

 (2.6)
For hyperbranched polymers synthesized via AB3 type monomers semi-dendritic groups
can occur in addition as schematically shown in Figure 2.4. Using the same definition as
for AB2 type polymers one can derive eq. (2.7).
[82]
)LsD2D3(
3
2
sDD2
DB


 (2.7)
T L sD D
Figure 2.4: Schematic representation of terminal, linear, semi-dendritic and dendritic units
in a AB3 type hyperbranched polymer. Full circles correspond to the site of interest.
In the work here the degree of branching will be calculated using eq. (2.6) and (2.7). In all
cases the degree of branching numbers 0   DB   1. Acyclic polymers exhibit a degree of
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branching of zero, whereas dendrimers show a value of 1. The maximum value for a 
hyperbranched AB3 type polymer following a random polymerization process with the 
same reactivity for coupling of new monomer at any site and without side reactions like 
loop formation numbers roughly 0.44. But also hyperbranched polymers with a degree of 
branching with 1 can be synthesized.[85] Table 2.1 shows schematically some selected 
type of polyalkoxysiloxanes for further illustration. 
Degree of Cyclization:  
Polyalkoxysiloxanes exhibit in all cases the sum formula SinOy(OR)4n-2y, where n is an 
integer ≥ 1 and y is an integer ≥ 0 but ≤ 2n. The integer n indicates the degree of 
polymerization and the ratio y/n indicates the degree of condensation. To determine the 
degree of condensation from analytical results like elemental analysis, 1H NMR or 29Si 
NMR, it is more convenient to transform the above sum formula into [(SiO2)n(R2O)z] with 
z = 2n-y. Using this formula the degree of condensation numbers (2n-z)/n. Further 
transformation of this sum formula leads to [(SiO2)(R2O)z/n]n and the degree of 
condensation becomes y/n = 2-z/n. Therefore knowing z/n, which equals the ratio of half 
the mol fraction of alkoxy groups to silicon atoms, the degree of condensation can be 
determined very easily from analytical results. Very closely related to the degree of 
condensation is the degree of cyclization. In literature this value is defined as 1-n+y, 
giving the numbers of cycles in a specific molecule.[86] In the work here the degree of 
cyclization (DC) will be defined as the degree of condensation minus 1 (see eq. (2.8)) and 
covers the range from –1 ≤ DC ≤ 1. 
 
n
z1DC −=  (2.8) 
where z/n is the molar ratio of half the alkoxy groups to silicon atoms as derived from the 
sum formula [(SiO2)(R2O)z/n]n. Tetraethoxysilane itself has therefore a degree of 
cyclization of –1. All acyclic polyalkoxysilanes cover the range from –1 ≤ DC < 0, 
depending on their degree of polymerization. All monocyclic polyalkoxysiloxanes have 
an degree of cyclization of 0. The degree of cyclization of polyalkoxysiloxanes with more 
than one cycle in their molecular structure cover the range from 0 < DC ≤ 1, depending on 
the number of cycles in the specific molecule. Silica itself has an degree of cyclization of 
1. 
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Table 2.1: A selection of possible siloxane framework structures and their corresponding
sum formula indices, values for the degree of cyclization and degree of branching
(SiO2)n(R2O)zType of polymer Schematic molecular
structurea of a
representative
molecule as example
n z
DCb
1-z/n
DBc
Acyclic linear n n+1 -1/n 0
Monocyclic
linear
n n 0 0
Acyclic hyperbranched
n n+1 -1/n 44.0
27
12
lim
n


d
Monocyclic hyperbranched
n n 0 44.0
27
12
lim
n


d
Dendrimers
n n+1 -1/n 1
Silsequisiloxanes n n/2 0.5 0.75
“Ladder” polymers
n n/2+2 5.0
n
lim 

75.0
n
lim 

Silica n 0 1
1
n
lim 

a
 vertices represent silicon centers in each SinOy framework; lines represent the oxygen centers
that bridge between silicon centers. Free valencies at the silicon atoms are occupied by alkoxy
groups
b
 degree of cyclization as defined in equation (2.8)
c
 degree of branching calculated according to equation (2.7)[82]
d
 assuming a random polymerization process and equal reactivities for coupling of new
monomer at any site
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2.4 Physical properties of hyperbranched polymers
Molar Mass
One aspect of the research with highly pure dendritic macromolecules is to determine the
fundamental structure-property relationships of branched molecules reliably. Therefore an
accurate analysis of the molecular structure and molar mass is essential. Size exclusion
chromatography (SEC) fails for the determination of the molar mass of dendritic
macromolecules in most cases if only differential refractive index or UV detection
systems are applied. This is due to an insufficient calibration of the method, if no
appropriate calibrating substances are used, which are in many cases not available.
[87]
Usually commercial calibrating substances of narrow dispersed and known molar masses
are used. But if the standards have not the same chemical and physical properties as the
test substances errors might occur. This can be attributed to the separation mechanism in
SEC, which separates molecules according to their hydrodynamic volume and not
according to their molar mass. Therefore different polymers having the same molar mass
might have different hydrodynamic volume in solution. Even polymers of the same type
but different molecular structure (linear or branched) as well as different solvents or
concentrations give rise to differences in hydrodynamic volume and therefore different
elution times.
To determine the molar mass of a dendritic molecule absolute methods such as static light
scattering (SLS) are preferable.
[88,89]
 Especially in combination with SEC static light
scattering is a powerful tool to determine the molar mass distribution, hydrodynamic radii
and molecular conformation
[90-92]
 without the need of preparation a dilution series of the
polymer sample.
[88,93,94]
 One disadvantage of this method is that it is only suitable for
molecules of a minimum molar mass (Mw > 500 g/mol). Other problems may arise if the
refractive index increment (dn/dc) of a polymer in a particular solvent is too small or if
the dn/dc changes with molar mass due to differences in molecular composition as in the
case of copolymers with compositional drift or polymer blends.
Another method for determination of the molar mass is dilute solution viscosimetry.
[95]
 It
is one of the oldest methods of polymer characterization and can yield valuable
information about polymer structure, such as molar mass, degree of branching., chain
stiffness and chain configuration.
[96]
 The usual quantity of interest is the intrinsic viscosity
[], also called the limiting viscosity number.
[97]
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Here c is the concentration of the solution and sp is the measured specific viscosity.
0
0
sp


 (2.10)
where  is the viscosity of the solution and 0 is the viscosity of the solvent. The
intrinsic viscosity is related to the molar mass of a polymer by the Mark-Houwink
equation
 KM][ (2.11)
where K and  are empirically determined constants. Typically lies in the range of 0.5
to 0.8 for linear polymers and below 0.5 for dendritic ones.
[2,98-103]
 Therefore knowing
these constants one can derive the molar mass if the intrinsic viscosity is known. The
specific viscosity of a polymer solution can be determined using a glass capillary tube or
an on-line differential viscosimeter which can be coupled to a SEC system.
[104]
 In the
1980s Viscotek has introduced a differential viscosimeter consisting of a 4-capillary
bridge analogous to a Wheatstone bridge.
[105,106]
 Measuring the inlet pressure at constant
solvent flow through the system and the differential pressure between the analytical
capillary filled with polymer solution and the reference capillary filled only with solvent
one can calculate the specific viscosity of the polymer solution using Poiseuille´s law.
Combined with a SEC system a differential viscosimeter offers the possibility to
determine the molar mass distribution of a polymer by use of the so called universal
calibration method. Assuming the polymer solution eluting off the SEC system is
sufficiently diluted the specific viscosity divided by the concentration is approximately
equal to the intrinsic viscosity.
[105]
 Flory showed theoretically that the hydrodynamic
volume of a polymer molecule in solution is proportional to the molar mass times intrinsic
viscosity.
[17]
 Benoit demonstrated Flory's theories by showing that polymers of different
chemical structures will fall on the same calibration plot if the parameter of intrinsic
viscosity is available.
[107-109]
 Since SEC separates polymers by hydrodynamic volume and
on-line differential viscosimetry provides the value of intrinsic viscosity over the entire
molar mass distribution range, it is possible and practical to calibrate SEC systems with
known standards and get absolute molar masses of unknown polymers. Neglecting band
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broadening, i.e. the polymer molecules in the detector cell at given elution time all have
the same hydrodynamic volume, this method gives the number-average molar mass of the
particular polymer fraction for each slice of a SEC elugram.
[110,111]
Another method for determination of absolute molar masses is mass spectrometry giving
precise structural information by the fragmentation of the molecules.
[112]
 The usual mass
spectrometry has an upper detection limit of ca. 2000 g/mol and can therefore be used
only for oligomeric species. MALDI-ToF-MS allows the determination of higher molar
masses.
[113-119]
 Especially for dendritic macromolecules where other methods fail the
MALDI-ToF-MS is suitable to determine the molar mass.
[120]
 Furthermore it can yield
qualitative information about end groups and repeat units,
[113,121-124]
 which can be used for
determination of cyclic structures in hyperbranched polymers.
[125,126]
 Incorrect low values
of the average molar masses Mn and Mw may results from polymer samples having high
polydispersities. Therefore an efficient separation method like SEC in combination with
MALDI-ToF-MS is advantageous.
[127,128]
Architecture / Branching
For the investigation of the structure of the hyperbranched polymers nuclear magnetic
resonance (NMR) spectroscopy plays an important role. Especially heterometal
containing molecules or polymers offer the particular advantage of several NMR active
metal nuclei. A partial listing includes 
27
Al, 
29
Si, 
49
Ti, 
51
V, 
89
Y, 
91
Zr, 
95
Mo, 
205
Tl, 
119
Sn,
183
W and 
207
Pb.
[67,129]
 When combined with studies of other nuclei that might be present
(e.g., 
1
H, 
11
B, 
13
C, 
17
O, 
19
F and 
31
P) the conditions for characterization of both structure
and dynamics (i.e., site exchange) are quite good.
[67,130]
 In case of silicon containing
polymers 
29
Si NMR was used extensively to investigate the molecular structure and
reaction kinetics of sol-gel derived siloxane polymers and gels.
[28-34,73,131-143]
 To get good
signal to noise ratios it is advantageous to use high concentrated solutions, since the 
29
Si
nucleus has both a low natural abundance of only 4.7% and a low magnetogyric ratio.
Furthermore using a relaxation agent like chromium(III) acetyl acetonate gives the
possibility to get quantitative spectra, since it quenches the nuclear Overhauser effect and
reduces all spin-lattice relaxation times to approximately the same value.
[51,135]
Nevertheless a large amount of scans is necessary (several thousands with a pulse interval
of some seconds), which makes the method quite slow and problems arise if reactive
intermediate compounds are to be studied.
[50]
 Examples for the use of 
31
P NMR include
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studies on the molecular structure of pyrophosphates.
[144-147]
 
27
Al and 
11
B NMR was used
to get structural properties of aluminum and boron containing silicon oxycarbide glasses,
alumino- and borosilicate gels and siloxanes.
[64,148,149]
Other methods like IR spectroscopy play only a secondary role. But in case of siloxanes
some information can be gained. Siloxanes have a very strong infrared band in the 1130
to 1000 cm
-1
 region due to the asymmetric Si-O-Si stretching vibration.
[150]
 In polymeric
siloxanes this band has often two absorption maxima. The one at higher wave number is
attributed to cyclic subunits, whereas the other one is attributed to linear structures.
[151,152]
Molecular Shape and Size
The parameter  in the exponential scaling law <Rg
2
>
½
 = A·M



where <Rg
2
> is the
mean square of the radius of gyration, gives structural information about the
macromolecules e. g. for a hard sphere  equals 1/3 and for a coil it has values between
0.5 (
 coil) and 0.6. The determination of the parameters <Rg
2
>
½
 and molar mass is
commonly done by light scattering methods.
[153,154]
 The radius of gyration Rg can also be
derived by small angle X-ray scattering (SAXS). Furthermore this method provides data
for the fractal dimension df of polymer molecules. This gives valuable information about
the shape, architecture (linear or branched) and the reaction pathway (monomer-cluster or
cluster-cluster growth, reaction limited or diffusion limited growth).
[155]
 Acid catalyzed
silica sols via hydrolysis of tetraethoxysilane showed for example directly after synthesis
a Rg of 1.8nm and a df of 1.4 indicating a tip to tip cluster-cluster growth.
[156]
 Aging by 50
days resulted in an increase to 4.0 nm and a df of 1.75 to 1.80, indicating a diffusion
limited cluster-cluster growth during aging. Reaction kinetics of rapidly hydrolyzed
tetravalent alkoxysilanes show in the initial phase a progressive assembling of small
organized units and in second phase growth of fractal clusters via a reaction limited
cluster-cluster aggregation.
[157]
 Hyperbranched polyethoxysiloxane, its trimethylsilylated
derivative and a thereof formed silica sol were studied and the Rg was found to be 2.5-3.0
nm, while the fractal dimension df numbered 1.6-1.8.
[158]
 More applications of the method
in the field of sol-gel chemistry are given in an excellent review by Brinker and
Scherer.
[18]
A modern approach to visualize the size and the shape of polymer molecules is the use of
scanning force microscopy (SFM).
[90,120]
 Mesogen-substituted carbosilane dendrimers
were shown to form monolayers as well as extremely flat multilayers on mica surfaces
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after deposition from solution.
[159]
 Silica particles cast from solution on mica were shown
to have a size of 6 to 10nm.
[158]
 Cylindrical brush like molecules show contour lengths of
several hundred nanometers.
[92,160]
Melt viscosity
A similar power law relation like eq.(2.11) describes the molar mass dependence of the
melt viscosity of polymers:
a
0 KM (2.12)
where 0 is the melt viscosity at zero shear rate, K is a empirically determined constant
for a given polymer and a is approximately 1.0 for low molar mass polymer, but
approaches a value of 3.4 as the molar mass increase beyond a critical value Mc. This
transition is quite sharp and is believed to be associated with the onset of entanglements.
For dendrimers and hyperbranched polymers no such transition was found, because no
such chain entanglements take place.
[161]
Solubility
Hyperbranched polymers as well as dendrimers exhibit an increased solubility compared
to their linear analogues.
[83]
 This was attributed to a combination of the particular shape
and the large number of chain-end functional groups
[162]
2.5 Applications of hyperbranched polyalkoxysiloxanes
Hyperbranched polyalkoxysiloxanes are as well as their monomeric analogous reactive
towards hydrolysis and condensation. Therefore they can be used as precursors in the
field of sol-gel science and inorganic-organic hybrid materials.
Sol-gel processes
Because of the overwhelming amount of literature published in the last decades
concerning sol-gel chemistry, only a short overview about the processes involved will be
given here. The reader is referred to some excellent textbooks
[18,163]
 and
publications
[37,52,53,164,165]
 reviewing the subject of sol-gel science. Furthermore a entire
journal “The Journal of Sol-Gel Science and Technology” has been designated to that
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field of research. Other relevant publications can be found in the journals “Thin solid
films” or “Journal of Non-Crystalline Solids”.
Figure 2.5 presents a schematic of the routes that one could follow within the scope of
sol-gel processing. The different steps will be discussed in separate paragraphs as
indicated by the numbers in the figure.
Figure 2.5: Schematic overview of the sol-gel processes and the materials involved labeled
with numbers of corresponding paragraphs in the text.[18]
(1) Sol-gel processing starts in general with a so called sol. A sol is a colloidal suspension
of solid particles in a liquid. A colloid is a suspension in which the dispersed phase is so
small (~1-1000nm) that the gravitational force is negligible and interactions are
dominated by short-range forces like van der Waals attraction and surface charges. There
are two main ways to synthesize gels via a sol at room temperature. The first one consists
of a common reaction which occurs in nature where silica or other metal oxide chemical
species diluted in aqueous solutions condense to lead to the formation of metal oxide
networks.
[163,166]
 Such a condensation may occur in various aqueous solutions depending
on pH and salt concentration.
[52]
 Different morphologies may be obtained and for silica
the most known is the precious "opal". The other way to produce silica from solution
corresponds to a chemical reaction implying metal alkoxides
[78,79,167-169]
 and water in an
mutual solvent like alcohol.
[67]
 The first reaction is hydrolysis which induces the
substitution of OR groups linked to metal atoms by M-OH groups. As previously, these
chemical species may react together under the liberation of water or alcohol to form M-O-
M bonds which lead to the metal oxide network formation.
[56,170]
 This phase establishes a
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3D network which invades the whole volume of the container. Of course, for these two
synthesis the liquid used as solvent to perform the different chemical reactions remains
within the pores of the solid network. A gel is thus obtained.
(2) Drying of gels:
[165]
 Removing the liquid located within the pores leads to a dried gel
named "xerogel", a word issued from the Greek word "xeros" and which means dry. The
different drying processes are listed below. A "cryogel" results from a freeze-drying
process. Usually a material which is hydrophilic. It may react very quickly with water to
lead again a solution identical to that from which it was obtained. An “aerogel” results
from a supercritical drying process.
[171-173]
 The drying step is performed inside an
autoclave which allows to overpass the critical point of the solvent. There are different
schedules to reach the critical point of the solvent while the solvent itself may be chosen
with respect to the nature of the solid part. Strong inorganic solids are commonly dried
using alcohol (or acetone) as solvent.
[174]
 Organic solids which may decompose at
temperature above 100°C will be dried using CO2 as solvent. Excepted these two unusual
drying ways which are precisely named, other dryings lead to xerogels. Consequently we
can say that xerogels refer to gels dried at temperature close to room temperature and
under atmospheric pressure.
[37]
 Xerogel is the result of a gentle drying to avoid cracking
associated to the very low permeability of the solid network. Such a process is time
consuming.
(3) Bulk materials:
[18,163]
 An inorganic gel is rarely used as obtained after a simple drying.
It is often heat treated to be transformed into a material having a smaller porosity and
consequently better mechanical properties. At this stage one can separate inorganic gels in
two large families. The first one concerns those for which the densification thermal
treatment operates via a viscous flow avoiding the gel crystallization. The second one
refers to materials that crystallize during an increasing temperature treatment.
[175]
 A
viscous flow sintering is a convenient way to densify silica compounds. Monoliths
obtained from supercritical drying offer the best example of a viscous flow sintering
which provides dense silica glass at low temperature (1200°C) and for a short duration of
treatment (10 minutes). It is worth noticing that the nature and the quantity of impurities
and more precisely alkali ions play a very important role on the tendency to crystallize.
The other family of xerogels concerns those that crystallize during heat treatment. When
crystallization occurs, sintering is difficult to achieve and generally the shrinkage stops.
On the other hand, crystallization induces a sudden structure shrinkage at some location in
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the amorphous matrix. Consequently most of previously monolithic xerogels are 
transformed into a fine powder. If the gels are previously seeded with suitable crystals, 
further crystallization may be oriented to lead to high performance abrasive grains. It is 
likely the largest industrial application of crystallized xerogels with respect to the volume 
of matter prepared by year. A similar fast sintering is obtained for xerogels issued from 
dipping of spinning method on to a variety of substrates. 
(4) Colloidal particles and Photonic crystals:[176] Pure inorganic xerogels are rarely used 
as they are obtained because of their residual porosity which implies quite low 
mechanical properties and low durability. Most of the xerogels show high specific surface 
which favors chemical reactions with atmosphere. However a new application is of 
interest. It is related to the synthesis of sub-micronic dense particles of silica, having 
about the same size (Stöber process).[20] Particle sedimentation gives rise to a perfect 
hexagonal packed array of particles.[177] As natural opal, a great insight has been recently 
done in the direction of these new synthetic opals. Their optical properties depend on the 
refractive index difference between the matter constituting the spheres and the inter 
sphere volume and on the size of spheres (for a given hexagonal compact arrangement). 
These gels exhibit 3D photonic band gap. They should have applications in the field of 
optoelectronic devices.[178-180] 
(5) Fibers: Fibers of gels drawn from the solution or obtained in solution can be easily 
converted into xerogels which are further sintered into continuous glass or ceramic 
fiber.[181-184] 
(6) Functional coatings: Antireflection coatings may be prepared from such a process. 
Sintering at low temperature causes a densification of the xerogel film which becomes 
dense. Densification by closing the pores hinders the condensation of atmospheric water 
molecules to condense in smallest pores, a phenomenon which modifies the refractive 
index and consequently the quality of the antireflection effect. The composition of 
coatings may be modified with suitable chemical species: to develop colors, to prepare 
planar guiding structures, to provide optical functions,[185,186] to strengthen mechanically 
and chemically the surface of the substrate, and to improve scratch resistance.[187] Several 
different coating techniques can be employed: (a) via dip coating the coating thickness 
can be varied with high precision from 20 nm up to 50 μm while maintaining high optical 
quality by choosing an appropriate viscosity.[188,189] (b) Spray coating techniques are 
widely used in industry for organic lacquers. For coating irregularly shaped glass forms 
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like pressed glass parts, lamps or container glass (cold end coating) it is also feasible. (c)
In the spin coating process, the substrate spins around an axis which should be
perpendicular to the coating area. The spin-on process has been developed for the so-
called spin-on glasses in microelectronics and substrates with a rotational symmetry, e.g.
optical lenses or eye glass lenses. The coating thickness vary between several hundreds of
nanometers and up to 10 micrometers. Even with non-planer substrates very
homogeneous coating thickness can be obtained.
[190]
 Other coating techniques include the
so-called capillary or laminar flow coating process,
[191]
 or printing techniques like the silk
screen printing process.
[192]
Organic-inorganic nano-composites and hybrid systems
Organic-inorganic hybrid composites are one of the most important classes of synthetic
engineering materials. By definition, a composite is a material composed of two or more
physically distinct components, the intent of which is to achieve better properties than can
be obtained by a single homogeneous materials.
[193]
 Aside from the intrinsic physical
properties of the components, composite materials can also display special new properties
as a result of the nature and degree of interfacial interaction between the two components.
One of the frontiers in composite engineering is the development of viable methods for
the efficient design and synthesis of organic-inorganic composites with nanometer-scale
architecture. The term “nano-composites” was proposed for the first time by Theng in
1970.
[194]
 The word “nano” itself is issued from the Greek word “nanos”, which means
dwarf. According to Rustum Roy’s definition,
[195]
 a nano-composite is an interacting
mixture of at least two phases, one of which is in the nanometer size range, typically, 1-20
nm in at least one dimension. The phases may be inorganic-inorganic, inorganic-organic
or organic-organic and the resulting material may be amorphous, crystalline, or semi-
crystalline. Nanocomposites are not new. Biological polymer-based nanocomposites are
widespread. Excellent examples include bones, cartilage, cobwebs, cuticles, scales, shells,
teeth and wood. These are derived from inorganic building blocks like carbonate and
phosphate minerals and from biological polymers such as carbohydrates, lipids and
proteins in highly controlled biomineralization processes. Organic and inorganic materials
are usually quite different from each other in their properties. Inorganic materials such as
glass and ceramics are hard but not impact resistant, that is, they are brittle, whereas
organic polymer/oligomers are resilient. However, organic polymers generally suffer
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from some of the inherent drawbacks such as instability to heat and tendency of natural
degradation upon aging. In general, inorganic species usually have good mechanical and
thermal stability as well as optical properties. The organic moiety would provide
flexibility, toughness, hydrophobicity and new electronic or optical properties. Organic-
inorganic hybrid materials could then have desired combinations of the features of both
organic and inorganic components. Because of the new and different properties of these
nano-composite materials that the traditional macroscale composites do not have, the
preparation, characterization and applications of organic-inorganic hybrid materials have
become a fast expanding area of research in materials science. The properties of a
composite product depend not only on the properties of the individual components, but
are also greatly influenced by such factors such as the phase’s size, shape and interfacial
properties. Compared to the other factors cited here the kind of connection at the
interfacial surface of filler and matrix plays a critical role. According to the nature of the
interface between the organic and inorganic components, composites can also be simply
classified into two major families:
[196]
Class I: Includes hybrid systems where one of the component (organic, biologic or
inorganic), which can be molecules, oligomers or polymers is entrapped within a network
of the other component. In that case we are in presence of weak-type interactions between
the hosting network and the entrapped species. The systems of this kind are essentially
based on Van der Waals, hydrogen bonding or electrostatic interactions.
Class II: Gathers the hybrid materials where the inorganic and organic parts are
chemically bonded by a covalent or iono-covalent bond. The frontier between both
classes is not always simple and we can eventually have hybrid systems with class I and
class II characteristics. A typical example of such case are hybrid materials for optical
applications made by encapsulation of organic chromophores within an hybrid matrix
which belongs to class II. Although the dye interacts with the hybrid host via Van der
Waals or Hydrogen bonding forces, the strong chemical bonds between organic and
inorganic parts which make the host material has a significant impact on the overall
properties of the system and therefore this kind of hybrids will be also classified as class
II.
[164]
Geometrical aspects: The functional principle of a composite material is based on getting
an improved combination of properties that cannot be achieved by one of the components
alone. Since nano-particles have a very large specific surface, the amount of the
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interfacial surface is much bigger compared to micro-particles. Therefore nano-
composites are expected to have much better properties compared to usual composites
containing micro- or makro-particles.
Figure 2.6: Schematic drawing of the correlation between the relative number of particles,
the particle size and the specific surface area As at a constant 3 vol.-% of fillers within an
area of 50000 μm3. Left: 2.86 particles, 10 μm, As  0.15 m
2/g. Center: 2860 particles, 1
μm, As  1.5 m
2/g. Right: 2.86 millions of nano-particles, 100 nm, As  15 m
2/g.[197]
The correlation between the relative number of spherical particles, their size, and specific
surface area is demonstrated in Figure 2.6 for a constant filler content of 3 vol.-% TiO2.
The specific surface area can be determined with the help of the particle diameter and the
specific gravity of the material (TiO2: 	  4 g/cm
3
): As  6/	*d. Within a volume of
50,000 μm
3
, one finds 2.8 particles with a diameter of 10 μm and a specific surface area
of 0.15 m
2
/g. In the case of 1 μm large particles, 2860 are found, possessing a surface area
of 1.5 m
2
/g. For a nano-composite containing 100-nm-diameter particles, the particle
number increases finally to 2.8 million and a surface area of 15 m
2
/g. The unique nano-
composite features can, however, only be effective if it is provided that the nano-particles
are well dispersed on a nanometer level in the surrounding polymer matrix.
[198]
 Only in
this case, the insufficiency generated by the heterogeneity of conventional particles filled
composites can be avoided.
[199]
 Some examples about synthetical routes to organic-
inorganic hybrid nanocomposite materials and some applications are given in Table 2.2
and include three major classes of reaction processes:
(i) Intercalation of inorganic host lattices
(ii) Incorporation of small inorganic particles in the nanometer range
(iii) Sol-gel processes
These three reaction pathways will be discussed in more detail.
(i) Organic-inorganic hybrid-nanocomposite materials by intercalation reactions:
[200-203]
 In
recent time a special class of nano-composite attract much attention, because of low
production costs. In that case the incorporated inorganic particles exhibit a plate like
structure. Due to their thickness of only 1 to 10 nm and their by far larger lateral
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dimension of 1-10 μm, these particles have a large specific surface. In case of good
adhesion of the polymer molecules to the surface a large volume fraction of the polymer
will be located at the interface between organic and inorganic phase.
[204,205]
Table 2.2: Some preparation methods of nano-composites, example systems and
applications
Preparation Example Properties/Applications Ref.
PMMA/SiO2 Dental care; optics; thin coatings
[206,207]
EP/SiO2 Improved mechanical properties; transparency
[208]
Nafion/SiO2 Humidity sensors
[209-211]
Sol-Gel method
PVAc/TiO2 Wear resistance
[212]
PMMA/f-clay Conductivity [213]
PLA/mmt Improved water vapor barrier properties [214]
PCL/mmt Improved thermal and mechanical properties [215]
PS/f-mmt Improved thermal stability and mech. properties [216]
In situ
polymerization
with intercalation
PU/f-mmt Improved mechanical properties [217,218]
PA-6/f-SiO2 Improved mechanical and thermal properties
[219]
PVP/TiO2 Optical transparency; UV broadband absorption
[220]
PMMA/-
Fe2O3
Magnetic properties [221]
C
h
em
ic
al
ly
In situ
polymerization
EP/TiO2 Improved stiffness, impact strength and wear
resistance
[197]
PEA/f-mmt increased Young´s modulus and yield stress [222]
PP/f-mmt
PP-MA/f-mmt
Improved material properties [204,223-
227]
PA-6/f-mmt Increased elastic modulus; flame retardancy [228,229]
PP/SiO2 Improved mechanical properties [230]
Melt mixing
PE/f-SiO2 Enhanced stiffness
[231]
PEO/Al2O3
PEO/TiO2
Lithium batteries [232]
Solution mixing
PE/Silver Anisotropic optical devices [233,234]
PBA/SiO2 Dispersion/Encapsulation
[235]Ultrasonic
irradiation
PEEK/SiO2 Improved tribological properties
[236]
Irradiation
grafting
PP/SiO2-g-
PMMA
Improved mechanical properties [199]
C
h
em
ic
al
ly
/m
ec
h
an
ic
al
ly
Miniemulsion Latex/CaCO3 Medicine; particle coating [237,238]
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A particular suitable and most commonly used material is montmorillonit (MMT), a
natural 2:1 phyllosilicate having the same layer and crystal structure as talcum and mica
but a different layer charge.
[223]
 To incorporate these silicate into polymers melt mixing
also called melt intercalation is the process of choice. A good mixing is achieved if the
silicate crystals are separated into single layers (intercalation or exfolation) and if these
layers are homogenous distributed in the polymer phase. The efficiency of mixing is
determined by entropic as well as enthalpic factors. Because of the polar surface of MMT
it is well suited for mixing with polar polymers like polyethyleneoxide or
polyvinylalcohol. For mixing with apolar polymers the MMT has to be modified by
cationic surfactants like alkylammonium ions, which intercalate between the layers,
adsorb at the surface by cationic exchange and therefore giving room for apolar
interactions with the polymer molecules. Some examples and possible applications are
given in Table 2.2. Other intercalation reactions of polymers with inorganic host lattices
include the use of zeolites and mesoporous materials.
[239]
 These inorganic solids are
excellent 3D host lattices for intercalation reactions because they contain well-defined
stable empty pores and channels with diameter ranging from 0,2 to 50 nm.
[240]
 Guest
monomeric ions or molecular polymer precursors having the appropriate size and
geometry can be inserted into the vacant nanopores or channels by ion exchange
chemistry or by direct inclusion from gas or liquid phase. Polymerization produces
polymer molecular wires, nanofilaments, fibrils, or thin-film coatings confined within the
hosts.
[217,241-244]
(ii) Organic-inorganic hybrid nano-composite materials by incorporation of functionalized
inorganic clusters: New precursors are being developed for the synthesis of silica based
hybrid materials. Polyhedral oligomeric silsesquioxane (POSS) from structurally well
defined cages such as [Si8O20]
8-
 represented by the general formula (RSi1.5)n (n=6, 8, 10,
etc.) with an Si/O ratio between silicone and silica. 
[245-273]
 Chemically and structurally
well defined POSS macromers have been used as building blocks for the preparation of
linear polymeric silsesquioxane-based systems.
[274]
 They behave as rigid hard blocks in
polymers producing hybrid materials with desirable mechanical properties such as
thermoplasticity and elasticity.
[267,275-292]
 Other inorganic clusters include for example
fullerenes, polyoxometalates and complex anions like [Na9Fe20Se38]
9-
 and
[As4Mo6V7O39(SO4)]
4-
 or funtionalized clusters like butyl tin oxo hydroxo nano-building
blocks [(BuSn)12O14(OH)6]
2+
.
[164,293]
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(iii) Organic-inorganic hybrid nano-composite materials by the sol-gel process: Since the
traditional processing conditions for inorganic materials usually involve high temperature,
the survival of organic compounds is completely impossible. Thus, the mild-conditioned
sol-gel process slowly established its popularity in making organic-inorganic hybrid
materials. The sol-gel process, which is mainly based on inorganic polymerization
reactions, is a chemical synthesis method initially used for the preparation of inorganic
materials such as glasses and ceramics. Their unique low temperature synthesis condition
allows it to be well adopted for the preparation of organic-inorganic hybrid materials and
have proven to be effective. It brings both inorganic and organic components into intimate
mixing that lead to new morphologies and unique properties. The extent of phase mixing
can vary, but domain sizes are typically on the nanometer scale. Even though many of the
network systems are comprised of components having very different refractive indexes,
the resulting materials can often be prepared optically transparent due to the small scale
lengths over which phase separation may exist. As a result, these composites can find
applications in many fields which are far beyond the scope of application of traditional
composite materials which tend to be opaque. Several different methods can be used in
making these hybrid materials via the sol-gel process based on their macromolecular
structure and phase connectivity:
[294,295]
(1) Hybrid networks synthesized by using low molar mass organoalkoxysilanes as one or
more of the precursors to introduce the Si-C bond. The organic/inorganic hybrid materials
made by this approach can be viewed more as a molecular type of hybrid network
because the organic groups have been chemically bonded with the inorganic component
before the reactions starts. This approach has been extensively studied and the hybrid
materials made by this way have been termed ORMOSILS or later ORMOCERS.
[296-303]
(2) Co-condensation of functionalized organic species with metal alkoxides with or
without establishing covalent bonding;
[37,294,304-308]
(3) Infiltration of preformed oxide gels with polymerizable organic monomers/polymer or
vise versa, entrap organic molecules as guest within inorganic gel matrix (as host); A
typical example of that is impregnation of a silica xerogel formed by hydrolysis and
polycondensation of silicon alkoxides with organic monomers susceptible to be
polymerized within the porous gel structure. Such hybrid materials gained large interest
for optical applications combining the optical properties of the organic guest polymers
with the hardness of the surrounding inorganic matrix.
[164]
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(4) In situ formation of the inorganic species within a polymer matrix, especially for
inorganic particles;
[211,309-313]
(5) Hybrid networks can also be formed by interpenetrating networks and simultaneous
formation of organic and inorganic phases.
[314]
 Evidence for the occurrence of
interpenetrating networks can be obtained by SAXS and SANS measurements and from
stress strain isotherms in elongation: since the two networks interpenetrate each other, the
mechanical properties exhibited by the material can be very peculiar. In the first
deformation of the virgin material, the silica network can give a very high initial modulus,
but once the structure is broken, additional deformation cycles can give much slower
values of the modulus. The mechanism for the generation of bicontinous materials might
be spinodal demixing, occurring either before or after polymerization.
[315,316]
The scope of research and applications of nano-composite materials have ranged from
inorganically modified organic polymers to inorganic glasses modified by organic
compounds.
[317,318]
 Potential applications for these materials include: scratch and abrasive
resistant coatings;
[319,320]
 electrical and nonlinear optical properties;
[321-324]
 materials
having a low dielectric constant (low-k materials);
[288,289,325,326]
 adhesives and contact lens
materials;
[297-299]
 reinforcement of elastomers and plastics;
[327-329]
membranes;
[151,152,210,211,312,313,330-339]
 catalyst and porous supports, adsorbents;
[340,341]
hybrid solid-state dye laser and chemical/biomedical sensor materials;
[342]
 photochromic
hybrid material;
[343]
 fire retardant plastics
[344-346]
 and precision casting.
[347-349]
 To date,
even though the number of commercial hybrid products is comparatively small, but the
promises of new technological uses are still high.
[350]
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Chapter 3
Hyperbranched Polyethoxysiloxane
3.1 Introduction
Hyperbranched polymers exhibit lower melt viscosities and a much greater solubility than
their linear analogues; they have a large number of ´end groups´, that can be further
derivatized and their preparation is more economical than the multistep synthesis of
flawless branched dendrimers.
[1,2]
 Because of this unique properties hyperbranched
polymers are used for instance as rheology modifiers,
[3,4]
 as macroinitiators or cross-
linkers,
[5-7]
 components for composites
[8,9]
 and supports for organic synthesis reactions.
[10]
Hyperbranched polymers usually are synthesized via polycondensation or step growth
polymerization of ABx functional monomers, where A-groups can only add to B-groups.
If side reactions can be excluded, the ABx stoichiometry does not allow gelation unless an
unrealistic 100% intermolecular reaction of A-groups is achieved.
[11]
 A hyperbranched
polymer bear a large number of unreacted B groups (for AB2 corresponding to the degree
of polymerization), but only one A group (or one cycle, in case the focal A group reacted
intramolecularly with one of the B groups). The molar mass of ABx-polymers, the width
of the molar mass distribution as well as the degree of branching are a function of the
relative reactivity of the successively reacting functional groups B of each monomer and
can be influenced further by the reaction conditions.
[12-14]
 Related polymers may be
synthesized by coupling of A2 monomers with Bx-type monomers (x>2).
[15]
 However,
there is a given probability for the formation of loops and cross-links. As a consequence
the polymers will gel or at dilute preparation conditions form microgels. Soluble or liquid
high molar mass products are difficult to prepare.
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Polyethoxysiloxanes (often named ´ethylsilicates´ or ´condensed ethylsilcates´) are of
technological importance as processable precursors for silica membranes,
[16]
 films,
fibers
[17,18]
 and beads,
[19]
 as binders in ceramics,
[20]
 cross-linkers in polymer
composites,
[21]
, or preservation of artistic and architectural stone work.
[22,23]
Typically these are branched condensation products of tetraethoxysilane and water,
following the reaction scheme of Figure 3.1a. Their synthesis is an elaborated
compromise between avoiding gelation, achieving high molar mass products and
eliminating volatile monomer fractions. Up to molar ratios of H2O to TEOS of 1.5
soluble, liquid products are obtained, above a ratio of 1.5, gels are produced.
 [19,24]
 Molar
masses of these products can be up to 2.8 kg/mol, though little is known on the branching
structure and the width of their molar mass distributions.
[19]
 
29
Si NMR indicate all groups
expected for a hyperbranched polymer containing in addition cyclic structures.
[25-27]
 Even
after prolonged reaction time the products still contain silanol groups. 
[25,28,29]
 These
silanol groups can undergo further condensation and thus causes aging and change of the
properties upon storage.
[30]
 The fraction of silanol groups can eventually be reduced if the
water needed for the reaction is slowly formed in homogenous solution.
[31]
 Unfortunately
this approach was only studied by 
29
Si NMR and no information on the molar mass of this
reaction product has been reported.
Attempts to synthesize polyethoxysiloxanes via the condensation of AB3 type
monomers open a route for an improved control of molar mass, branching, stability
against gelation and elimination of volatile components.
[32,33]
 Following the reaction
scheme of Figure 3.1b, triethoxysilanol has been condensed to give a liquid polymer,
which is soluble in organic solvents. 
29
Si NMR showed all the groups expected for a
hyperbranched polymer, but in contrast to polyethoxysiloxanes obtained via reaction of
water and TEOS, this polymer did not contain silanol groups.
[34]
 In an alternative
approach, polycondensation of trifluoroacetoxytriethoxysilane resulted also in the
formation of a hyperbranched polyethoxysiloxane.
[35]
 So far the reports on the
formation of polyethoxysiloxanes by condensation of ABx monomers rely mostly on
characterization by NMR and little is known about the control of branching and molar
mass distribution.
This investigation will focus on the molecular characterization of polyethoxysiloxanes
formed by condensation of (EtO)3SiOH 
[35]
 and of acetoxytriethoxysilane (Figure 3.1b
and Figure 3.1c respectively). The latter reaction has been reported to proceed at
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elevated temperature to yield a high molar mass product already in 1940,
[36]
 however
without any structural analysis. For comparison polyethoxysiloxane was also
synthesized using a ´one pot synthesis route´ starting from tetraethoxysilane and acetic
anhydride, which was already described in literature to produce silica gels, when using
double stoichiometric amounts of acetic anhydride
[37]
 or polymers using stoichiometric
amounts.
[38]
A detailed structural characterization, i.e. the degree of branching and the extent of
internal cross-linking via MALDI-ToF-MS and NMR, and analysis of the molar mass
distribution via size exclusion chromatography (SEC), viscosity and light scattering
experiments will be described.
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Figure 3.1: (a) Idealized schematic drawing of the reaction of tertraethoxysilane with
water. (b) the reaction steps performed during synthesis of polyethoxysiloxane via the
silanol route and (c) via the acetoxy route.
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3.2 Experimental
3.2.1 Materials
Sodium hydroxide (Merck, p.a.) was milled by use of a hammer mill (Framo
Gerätetechnik, Eisenach, Germany) under dry argon atmosphere. Argon 4.6 (MIT,
Elchingen, Germany) was dried over a 5x50 cm column filled with diphosphorous
pentoxide. Ammonia 3.8 (Messer-Griesheim, Krefeld, Germany) was dried over sodium
hydroxide pellets. Tetraethoxysilane (purum, Merck), Ethanol (Seccosolv TM, Merck),
acetic anhydride (puriss, Fluka), acetic acid (purum, >99%, Fluka) and tetraethyl
orthotitanate (TEOT) (technical, Aldrich, contains approximately 20 mol-% tetraisopropyl
orthotitanate) were used without further purification. Toluene (technical grade) was dried
over lithium aluminium hydride (Merck) and distilled under argon atmosphere. For
calibartion of the SEC system narrow distributed linear polystyrene samples (PSS, Mainz)
were used. All filtrations were performed with an inert gas frit (pore size n
o
4).
3.2.2 Methods
Molar mass distributions were obtained from analytical SEC with THF (p.a., Merck) as
solvent at a flow rate of 1.5 mL/min. The setup consisted of Waters μ-Styragel columns
with nominal pore sizes of 10
6
, 10
5
, 10
4
,10
3
 and 500 Å and a guard column. Sample
detection was performed by a Waters 410 differential refractometer either serially
connected with an evaporative light scattering detector (PL-ELS-1000, polymer
laboratories) or paralelly connected with a four capillary viscosimeter (Viscotek,
Germany, model HB502B) for determination of intrinsic viscosities. For analysing
samples with the evaporative light scattering detector (ELS detector ) 20 μL sample
volume was injected. For analysing samples with the viscosimeter 50 μL sample volume
was injected. The sample concentration was 40 mg/mL.
Fractionated samples for performing static light scattering, for the determination of the
refractive index increments dn/dc and for the measurement of intrinisic viscosities were
obtained from preparative SEC with THF as solvent (p.a., Merck, dried over lithium
aluminum hydride and distilled under argon atmosphere). The preparative SEC setup
consisted of a Waters 600 Pump, a Waters 600 Controller, a Waters 410 differential
refractometer, and a Waters fraction collector at a flow of 5 mL/min. The column setup
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consisted of Waters Ultrastyragel columns with nominal pore sizes of 10
5
, 10
4
, and 10
3
 Å.
The sample volume was 2000 μL. The sample concentration was 30 mg/mL.
The refractive index increment dn/dc was independently measured with a Photal RM-102
differential refractometer (Otsuka Electronics) at =633 nm at 25°C using fractionated
samples obtained via preparative SEC.
Static light scattering measurements were performed using a DLS 700 (Otsuka
Electronics) at  = 633nm at 25°C and toluene as solvent.
1
H NMR spectra were obtained using a Bruker DRX 400 NMR spectrometer operating at
400 MHz decoupler and 100 MHz transmitter frequency using 5 wt.-% chloroform-d
(99.8% deutero GmBH) solutions. For 
29
Si NMR spectra aquisition a Bruker AMX 500
NMR spectrometer operating at 500 MHz decoupler and 100 MHz transmitter frequency
was used. The 
29
Si NMR spectra were recorded at room temperature performing 2000
scans with a pre-scan-delay of 12.5 sec using 20 wt.-% in toluene-d8 (99.5% deutero
GmBH) solutions containing 0.015 mol/L chromium(III)acetlyacetonate (purum, Fluka)
as a paramagnetic relaxing agent.
[39]
 Tetramethylsilane (puriss, Fluka) was used as
internal standard. The spectra were flatened by numerically subtraction of a baseline,
recorded using pure solvent as sample.
Elemental analysis was performed using a Heraeus CHNO Rapid Analyser for carbon and
hydrogen contents. Silicon analysis was performed at the INEOS institute of organo-
element compounds (Russian academy of science, Russia).
Infrared spectra were measured with a Bruker IFS 66V vacuum spectrometer using KBr
pellets in case of solids and KBr plates in case of liquid samples.
MALDI-TOF-MS was carried out on a Bruker Reflex 3 mass spectrometer operating in
linear and reflecting mode. The spectrometer was equipped with a nitrogen laser (337nm).
The laser steps and voltages applied were adjusted as a function of the polymer molar
masses and molar mass distribution as well as the nature of the different molecular
compositions. Experiments performed in reflecting mode improved the resolution
compared to linear mode. The solvent used for the matrix (1,8,9-Anthracentriol), the salt
(potassium trifluoroacetate) and the polymer was tetrahydrofurane (THF, p.a. Merck,
dried by boiling with lithium aluminum hydride and subsequent distillation). In fact the
polymer was already dissolved in THF by taking eluats each 30 sec from the analytical
size exclusion chromatographic (SEC) system avoiding exposure to atmosphere using
vials equipped with rubber seals. Sample solutions were prepared via mixing 50 μL
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matrix solution (40 mg/mL) with 10 μL salt solution (1 mg/mL) and 50 μL polymer
solution. The concentration of the polymer solution was up to 0.2 mg/mL (estimated by
the mass of polymer injected into the SEC system and the eluted volume of the polymer
solution). 1 μL of the resulting solution was loaded onto a single well of a MALDI
stainless steel plate under nitrogen in a glove box and dried via evaporation of the THF at
room temperature in the same glove box before inserting into the vacuum chamber of the
MALDI instrument.
Polyethoxysiloxane via the silanol route
Sodium triethoxysilanolate: 40 g (1 mol) pulverized sodium hydroxide was added to a
solution of 208 g (1 mol) tetraethoxysilane in 500 mL toluene at 5°C under stirring.
After 2 h of stirring, toluene and the ethanol produced during the reaction were distilled
off at a rotational evaporator evacuated by a membrane pump. The oily residue was
dried over night in a vacuum drying chamber at 50 mbar and 40°C (yield 182 g). 92 g of
this solid were dissolved in 270 mL toluene and the insoluble byproduct was removed
by filtration.
29
Si-NMR (Toluene-d8, 100 MHz): (ppm) = -69.45 (2Si), -76.31 (97Si), -81.82 (1Si)
Triethoxysilanol: The solution of sodium triethoxysilanolate as obtained from the
reaction above was filled up with toluene to give a total volume of 500 mL. This
solution was added dropwise to a solution of a stoichiometric amount of acetic acid in
300 mL toluene at 0°C under stirring. (To calculate the amount of acid for
stoichiometric consumption, 2 mL sodium triethoxysilanolate-toluene solution were
concentrated to dryness dissolved in 20 mL water containing two drops of a 1 wt.-%
solution of phenolphthalein and titrated with 0,1 molar hydrochloric acid.) After
filtering off the precipitated sodium acetate and washing with toluene, the toluene
solution was concentrated to dryness at 8mbar and 30°C. 38,3 g of a yellow liquid were
obtained as residue. 
29
Si-NMR (THF-d8, 100 MHz, -30°C): (ppm) = -78.60, -81.73, -
85.97, -88.64, -88.88, -95.29, -95.59, -96.32, -96.58
Polyethoxysiloxane was synthesized by adding the obtained triethoxysilanol (38,3 g) at -
30°C to a solution of 6.5 g ammonia (dried over sodium hydroxide pellets) in 100 mL
ethanol over a period of 1 h. After heating up to room temperature and standing over
night, the ethanol and residual ammonia were distilled off to give 30,3 g of a yellow
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liquid. Drying this residue over night by applying vacuum generated by an oil pump
yielded 29,7 g polyethoxysiloxane.
Elem. Anal.: Found C 33.20, H 7.10, Si 22.80
(SiO(OEt)2)n (134.2)n : Calcd. C 35.80, H 7.51, Si 20.93;
((SiO(OEt)2)5.73(SiO2))n (829.1)n: Calcd. C 33.20, H 6.96, Si 22.80;
(SiO2(Et2O)0.85)n (123.1)n Calcd. C 33.18, H 6.96, Si 22.82;
1
H-NMR (CDCl3, 400 MHz): (ppm) = 3.85 (broad, 2H), 1.23 (broad, 3H); 
13
C-NMR
(CDCl3, 100.62 MHz): (ppm) = 59.36, 59.21, 59.16, 18.16, 18.07, 17.96; 
29
Si-NMR
(Toluene-d8, 100 MHz): (ppm) = -81.74, -88.52, -88.68, -88.91, -95.10, -95.77,
-95.94, -96.10, -103.75 (br), -110.73 (br); IR (liquid): 2977 (s), 2929 (m), 2895 (m),
1884 (vw), 1484 (w), 1444 (w), 1393 (m), 1368 (w), 1297 (w), 1166 (s), 1081 (vs), 971
(s), 796 (s), 470 (m)
[40]
Polyethoxysiloxane via the acetoxy route
Acetoxytriethoxysilane: 104 g (0.5 mol) of tetraethoxysilane were mixed with 51 g (0.5
mol) acetic anhydride in a 250 mL two necked round bottom flask equipped with a
Criegee micro-distillation bridge with a gas inlet for argon and magnetic stirrer. The
mixture was stirred and boiled at 131°C (the oil bath temperature was 137°C) for 36 h
while removing by distillation 29.8 g (0.34mol) of acetic acid ethylester emerging
during reaction. Two fractional distillations were performed and the compositions of the
fractions obtained were determined with 
1
H NMR analysis. Both distillations were
performed in vacuum at 3 mbar using a 30 cm vigreux column. The first fractional
distillation yielded a liquid containing tetraethoxysilane, acetoxytriethoxysilane and
diacetoxydiethoxysilane. The second fractional distillation yielded 43 g (0.19 mol, 39%
of theory) acetoxytriethoxysilane boiling at 61°C and 3mbar in 95% purity (
1
H-NMR).
The overall amount of acetoxytriethoxysilane could be increased via heating of 2 mol
(416.2 g) tetraethoxysilane and 2 mol (172.2 g) acetic anhydride in a 1 liter one necked
NS29 flask equipped with a distillation bridge, inlet for nitrogen, thermometer and a
drying tube filled with dry silica gel. During heating and stirring with a magnetic stirrer
at 136°C oil bath temperature for 89 h 140 mL of acetic acid ethyl ester were removed
by distillation. Two fractional distillations were performed and the compositions of the
fractions obtained were determined with 
1
H NMR analysis. Both distillations were
performed in vacuum using a 30cm vigreux column. The main fraction of the vacuum
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distillation no 1 yielded 200g acetoxytriethoxysilane boiling at 47.5°C at 1.7 mbar.
Fractional distillation no 2 at 1.4 mbar gave 170g (38% of theory) of
acetoxytriethoxysilane having a purity of 97 wt.-% (
1
H NMR) boiling at 41°C.
1
H-NMR (CDCl3, 400 MHz): (ppm) = 1.25 (t, J = 7.1 Hz, 9H), 2.12 (s, 3H), 3.93 (q, J
= 7.1 Hz, 6H); 
13
C-NMR (CDCl3, 50 MHz): (ppm) = 17.92, 22.48, 59.98, 169.68; 
29
Si-
NMR (Toluene-d8, 100 MHz): (ppm) = -86.17; IR (liquid): 464, 597, 676, 768, 797,
950, 973, 1022, 1107, 1170, 1256, 1372, 1443, 1485, 1743, 2900, 2932, 2979;
(C8H18O5Si)n (222.3)n : Calcd. C 43.24, H 8.11; Found C 42.56, H 8.10;
Polyethoxysiloxane: 3 g of the above synthesized acetoxytriethoxysilane were heated
under stirring with an magnetic stirrer at 137°C for 33 h in a 50 mL round bottom flask
equipped with a gas inlet for argon and a drying tube filled with silica gel allowing
evaporation of the acetic acid ethylester emerging during polymerization. During the
first 24 h of reaction every 6 h, then every 3 h 40 μL of the reaction mixture were taken
out and were dissolved in 1 mL THF for SEC analysis. After 33 h the reaction mixture
was allowed to cool to room temperature and yielded 1.0 g polymer (55% of theory).
Polyethoxysiloxane via the one pot synthesis route
Low catalyst amount: 416g (2 mol) tetraethoxysilan (for synthesis, Merck) were mixed
together with 204 g (2 mol) acetic anhydride (puriss, Merck) and 0.7 g (3.1 mmol; 0.155
mol-%) TEOT as catalyst (purum, Aldrich) in a 1000 mL one necked NS29 flask. The
flask was equipped with a dephlagmator (30 cm length, NS29, enclosed with aluminum
foil), a distillation bridge with a thermometer, an inlet for nitrogen and a drying tube
filled with silica gel. The mixture is stirred at 1200 rpm by means of an magnetic stirrer
and heated at 130°C by means of a silicon oil bath. The height of the oil bath was
adjusted in such a way, that over 90% of the flask dipped into the oil bath. During 14.5
h 330.5 g (3.76 mol) of acetic ethyl ester, evolved during reaction were removed by
distillation. Figure 3.2 shows amount of ester distilled with time. Further 24 g distillate
were removed in vacuum (1 mbar) at 40°C. The polymer yield was 264.5 g (1.97 mol)
of polyethoxysiloxane as yellowish to reddish, oily liquid.
Elem. Anal.: Found C 34.95, H 7.33, Si 21.49
Elem. Anal. acc. to 
29
Si NMR: Found C 33.75, H 7.08, Si 22.51
((SiO(OEt)2)18(SiO2))n (2475.3)n: Calcd. C 35.02, H 7.35, Si 21.49
(SiO2(Et2O)0.95)n (130.5)n Calcd. C 34.97, H 7.34, Si 21.52;
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High catalyst amount: 416 g (2 mol) tetraethoxysilan (for synthesis, Merck) were mixed
together with 204 g (2 mol) acetic anhydride (puriss, Merck) and 4.3 g (18.9 mmol; 0.95
mol-%) TEOT as catalyst (technical, Aldrich) in a 1000 mL one necked NS29 flask. The
flask was equipped with a dephlagmator (30 cm length, NS29, enclosed with aluminum
foil), a distillation bridge with a thermometer, an inlet for nitrogen and a drying tube filled
with silica gel. The mixture is stirred at 1200 rpm by means of an magnetic stirrer and
heated to 130°C by means of a silicon oil bath and held at this temperature for 90 min.
The height of the oil bath was adjusted in such a way, that over 90% of the flask dipped
into the oil bath. During 90min 325.9 g distillate was removed. Figure 3.2 shows amount
of ester distilled with time.
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Figure 3.2: Reaction time dependence of the ratio of distilled amount of acetic ethyl ester
to theoretical amount in mol% during the synthesis of hyperbranched polyethoxysiloxane
via the one pot synthesis route. (squares) 0.155 mol-% (circles) 0.95 mol-% TEOT as
catalyst.
As can be seen the reaction is around 10 times faster using a 6 times higher amount of
TEOT. But in contrast to the synthesis with a low amount of catalyst the distillate
consisted not only of acetic acid ethyl ester, but also of 7.3 mol-% (8.1 wt.-%) acetic
anhydride and 2.5 mol-% (5.7 wt.-%) TEOS. Further 28 g distillate consisting of acetic
acid ethyl ester mixed with 4.6 mol-% (10 wt.-%) tetraethoxysilane were removed in
vacuum (7 mbar) at 40°C during another 1.5 h. The polymer yield was 275 g (theory 268
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g) of polyethoxysiloxane as yellowish, oily liquid. However 
29
Si NMR shows 6 mol-% of
all silicon atoms belong still to tetraethoxysilane (10wt.-%). The total yield of acetic acid
ethyl ester was 306.5 g (3.5 mol, 88% of theory)
Elem. Anal.: Found C n.d., H n.d., Si 19.90
Elem. Anal. acc. to 
29
Si NMR: Found C 37.16, H 7.80, Si 19.96
((SiO(OEt)2)10.1(Si(OEt)4))n (1563.6)n: Calcd. C 37.18, H 7.80 Si 19.93
(SiO2(Et2O)1.09)n (141.2)n Calcd. C 37.23, H 7.81, Si 19.89;
3.3 Results and Discussion
The hyperbranched polyethoxysiloxanes were transparent liquids, the polymer obtained
via the silanol route was slightly yellow, while the product obtained via the one pot
synthesis route was yellowish to reddish, and the acetoxy route yielded a colorless
product. The properties of the products are discussed in three different sections. First 
1
H
NMR, 
29
Si NMR and MALDI-ToF-MS are used to get insight into the molecular
structure. Then size exclusion chromatography (SEC) using a combination of different
detectors was used to elucidate the molar mass distribution. Finally the degree of cross-
linking is discussed using a Mark-Houwink plot of the intrinsic viscosities.
Molecular structure:
Figure 3.3 shows on the left side 
1
H NMR spectra corresponding to polyethoxysiloxane
obtained via the silanol route (a) and via the acetoxy route after short reaction time (b).
The spectra of the product obtained via the silanol route (Figure 3.3a) exhibits two broad
peaks corresponding to methyl- (1.23 ppm) and methylene protons (3.96 ppm) of the
ethoxy groups attached to silicon atoms. The spectra of polyethoxysiloxane obtained via
the acetoxy route after short reaction time (Figure 3.3b) shows an additional peak at 2.09
ppm corresponding to methyl protons of residual acetoxy groups attached to silicon
atoms. The amount of acetoxy groups left in the polymer decreases with increasing
reaction time as can be seen by the 
1
H NMR spectrum of polyethoxysiloxane synthesized
via the acetoxytriethoxysilane after long reaction time. The 
1
H NMR spectrum of
polyethoxysiloxane synthesized using the catalyzed one pot synthesis look very similar to
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that of the product obtained via the silanol route and show no acetoxygroups anymore
(Figure 3.3d).
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Figure 3.3: 1H NMR spectra (left) and 29Si NMR spectra (right) of different hyperbranched
polyethoxysiloxanes. The grey lines show the integrals of each spectrum respectively.
(a) polyethoxysiloxane synthesized via triethoxysilanol;
(b) polyethoxysiloxane synthesized via acetoxytriethoxysilane short reaction time (18 h)
(c) polyethoxysiloxane synthesized via triethoxyacetoxysilane  long reaction time (33 h) and
(d) polyethoxysiloxane synthesized using the one pot synthesis route.
The 
29
Si NMR spectra of the polyethoxysiloxanes (Figure 3.3 right side) show five
peakgroups which can be assigned from left to right to silicon atoms bearing four
ethoxygroups Q0(0/4) (-81.74 ppm, 2%, TEOS), three ethoxygroups Q1(0/3) (-88.46 ppm,
20.5%, terminal units), two ethoxygroups Q2(0/2) (-95.89 ppm, 31.5%, linear units), one
ethoxygroup Q3(0/1) (-103.7 ppm, 31.0%, semidendritic units) and no ethoxygroups
Q4(0/0) (–110.0 ppm, 15.0%, dendritic units).
Following the notation of Engelhardt the peaks in Figure 3.3a are labeled with Qi(k/l)
where i is the amount of siloxane (SiOSi) groups, k the amount of hydroxygroups (SiOH)
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and l the amount of ethoxygroups (SiOEt) attached to the specific silicon atom.
[41]
Considering a hyperbranched polymer it turns out that the value of i determines wether
the silicon atom belongs to a terminal unit (Q1), to a linear unit (Q2), to a semidendritic
unit (Q3) or to a dendritic one (Q4).
In the spectra of polyethoxysiloxane obtained via the acetoxy route (Figure 3.3b+c)
additional peaks can be assigned to silicon atoms bearing two ethoxygroups plus one
acetoxygroup Q1(0/2/1) at –92.3 ppm and one ethoxy- plus one acetoxygroup Q2(0/1/1) at
-101.1 ppm. The additional peaks are labeled with Qi(k/l/m), where i, k and l have the
same denotation as above described and the letter m corresponds to the amount of acetoxy
groups attached to the specific silicon atoms. This assignment is based on the difference
in the 
29
Si NMR chemical shifts of TEOS at -81.7 ppm and acetoxytriethoxysilane at -
86.2 ppm and is further supported by the decrease of the intensity of the peaks with m  0
with reaction time.
[42]
 Furthermore the calculated amount of acetoxygroups in the polymer
obtained after 18h reaction time derived from the integrals of the 
1
H NMR spectrum is
12.7%. According to the integrated peak area of the 
29
Si NMR spectrum this value is
13.2%. This good agreement between both NMR spectra shows also the validity of the
above peak assignment. On the other hand the intensity of the peak corresponding to fully
branched Q4(0/0) silicon atoms is below the detection limit.
The product obtained via one pot catalyzed synthesis exhibit no additional peaks
corresponding to acetoxygroups as already seen in the 
1
H NMR spectrum. But it exhibit
all peaks in the 
29
Si NMR spectrum expected for a hyperbranched polymer as in the case
of the polyethoxysiloxane synthesized via the triethoxysilanol route (Figure 3.3d).
Nevertheless the relative amounts of the individual building blocks differs.
)QQ2Q3(
3
2
QQ2
R
R
DB
234
34



max
(3.1)
The areas of the individual peaks allow to estimate the relative amount of terminal-,
linear-, semidendritic- and dendritic units in the different polymers. Using this numbers
one can calculate a degree of branching. Several different methods for calculation of the
degree of branching are described in the literature.
[1,3,43,44]
 In this study the degree of
branching of the different polymers was calculated according to equation (3.1),
[43]
 where
the degree of branching is considered as the ratio of the amount of growing directions R
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in a polymer molecule to the maximum number of possible growing directions Rmax and is
shown in the last column of Table 3.1. Comparing the values for the degree of branching
it turns out that the polyethoxysiloxane synthesized via the acetoxy route has a less
branched structure than the one obtained via the silanol route. This is probably due to
different reaction mechanisms. At the moment this reaction mechanisms are not fully
understood, but it is known that condensation of aqueous silicates under basic conditions
produce more compact structures whereas acidic conditions produce more linear ones.
[45]
If we assume equal reactivities of all B groups and complete conversion of all monomer
we can calculate a theoretical degree of branching and the relative amount of individual
units.
[43]
 These values are given in line 6 of Table 3.1.
Table 3.1: Relative amounts of different building blocks of the hyperbranched
polyethoxysiloxanes derived from 29Si NMR peakareas compared with theoretical amounts.
Terminal
units
Q1
[%]
Linear
units
Q2
[%]
Semi-
dendritic
units
Q3
[%]
Dendritic
units
Q4
[%]
Degree
of
branching
acc.
eq.(3.1)
(a) Polyethoxysiloxane via the
silanol route
20.5 31.5 31.0 15.0 0.66
(b) Polyethoxysiloxane via the
acetoxy route; 18h react. time
26 54 20 0 0.32
(c) Polyethoxysiloxane via the
acetoxy route; 33h react. time
12.5 51.2 36.3 0 0.44
(d) Polyethoxysiloxane via the one
pot synthesis route with low
catalyst amount
23.8 43.2 26.9 3.9 0.48
and high catalyst amount 30.2 41.4 20.3 2.1 0.41
(e) Calculated a 29.6 44.4 22.2 3.7 0.44
a
Assuming same reactivity of the different units for coupling of new monomer, no
cyclization reactions.
[43]
The degree of branching according to these assumptions is in between the numbers
calculated for the polyethoxysiloxane obtained via the silanol route and that obtained via
the acetoxy route. The best accordance with the calculated values for the different
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individual building blocks is given by the polymer obtained via the one pot synthesis
route.
Taking a closer look to the 
29
Si NMR spectrum (Figure 3.3a right side), one can observe
downfield shifted shoulders at the peakgroups Q2 at –94.8 ppm and Q3 at –102.6 ppm.
These peaks are due to silicon atoms in cyclic environment.
[28,29,46]
 Similar peakshoulders
can also be detected in the 
29
Si NMR spectra of the polymers obtained via the acetoxy
route (Figure 3.3b+c). Their intensity increases with increasing reaction time. These
peakshoulders are more pronounced in the spectra of polyethoxysiloxanes via the acetoxy
routes as via the silanol route.
One remarkable fact can be seen by taking a closer look to the semidendritic peakgroup at
–101 to –104 ppm in the spectrum of the polymer obtained via one pot synthesis.
Comparing this peakgroup with that of the polymer obtained via the silanol route (Figure
3.3a), one can see an distinct additional shoulder at –101.4 ppm. This shoulder is probably
caused by silicon atoms in even more strained confinement as the peak at –102.5 ppm,
which is due to silicon atoms in cyclic environment. Marsmann et al. studied the 
29
Si
NMR spectra of over 20 chloro-, methoxy- and ethoxysiloxanes, acyclic as well as cyclic
ones.
[47,48]
 According to these studies these peaks are caused by silicon atoms in eight
membered rings and by the bridging silicon atoms in two condensed eight membered
rings (Figure 3.4b) showing a chemical shift difference of -1 ppm respectively.
Si Si*
Si Si
Si
Si
Si Si*
Si*
Si
Si
a b
Figure 3.4: Schematic drawing of molecular building blocks showing 29Si NMR peaks at
(a) -102.5 ppm and (b) –101.4 ppm (compare Figure 3.3d right side).[47,48] The
corresponding silicon atoms are marked with asterisks. Each bond contains also one
oxygen atom. All free silicon valencies are occupied by ethoxy groups.
In view of the reaction scheme in Figure 3.1b+c cyclic structures are unexpected for the
synthesis using AB3 type monomers, but they are not unexpected in case of the one pot
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synthesis. Calculating the degree of branching from equation (3.1) does not take into
account cyclic structures, and thus the number given in the last column of Table 3.1 might
overestimate the degree of branching.
To further elucidate the molecular structure MALDI-ToF-MS on polyethoxysiloxane
obtained via the silanol route was performed (Figure 3.5). Therefore the
polyethoxysiloxane was fractionated via analytical SEC. Figure 3.5a shows the MALDI-
ToF mass spectrum of the fraction with the highest retention time. Based on peak mass
and isotope patterns all distinct peaks marked with a symbol could be assigned to
potassium ion adducts of molecules having the sum formula [SiO(OCH2CH3)2]x[SiO2]y.
Up to eight different peaks groups could be distinguished. Each peak marked with the
same symbol and color corresponds to molecules having the same y but differing in the
degree of polymerization (x+y). The value of y+1 gives the amount of ring closures in the
molecules. For instance: The peakgroup with y = 0 correspond to the theoretical
molecules expected for an AB3 type polycondensation of triethoxysilanol containing one
ring closure as depicted in Figure 3.1b. Thereupon the peaks of the peakgroup denoted
with y = -1 correspond to molecules having no ring closure (and no silanol group).
In Figure 3.5b the peak maxima of the most intense peak of a series with given y is
plotted against the polymerization degree (x+y) of these molecules (Figure 3.5b open
symbols). Values for two other fractions with lower elution times and therefore higher
average molar masses are plotted in addition (Figure 3.5b half filled and filled symbols).
It seems that the number of ring closures (y+1) depend linearly on the polymerization
degree. The slopes of linear fits to the data indicate that 6 ring closures occur per 10
silicon atoms. Elemental analysis, on the other hand, yields a sum formula of the polymer
of [SiO(OEt)2]5.73[SiO2] being equivalent to one ring closure per 6.73 silicon atoms. The
discrepancy between these values as well as the differing offset values for different
fractions, might be due to a distortion in the MALDI-ToF mass spectrum caused by
different desorption and ionization behaviors of polymer molecules differing in molar
mass or in the amount of cyclic structures. Nevertheless taking only the most intense
peaks of each spectrum into account (Figure 3.5b grey cycles) this value is 1 ring closure
per 5 silicon atoms, which fits quit good to the data derived from elemental analysis.
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Figure 3.5: (a) MALDI-ToF mass spectrum of a fractionated sample of polyethoxysiloxane
synthesized via the silanol route (SEC elution time 37 min). Each point marked with a
symbol correspond to molecules with the sum formula K[SiO(OEt)2]x(SiO2)y. Peaks
corresponding to the same value of y. but differing in x are marked by the same symbol and
color and are connected by lines. The inset shows the isotope pattern of the peak at 1574.4
u. (b) Number of cross-links (y+1) of the most intense peaks of a given series plotted versus
the degree of polymerization (x+y) for different fractions. (open symbols SEC elution time
37min; half filled symbols: 36.5 min; filled symbols: 36 min). The different lines are linear
fits of the data respectively. Data marked with grey cycles indicate data corresponding to
the most intense peak of each spectrum.
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According to the reaction scheme in Figure 3.1b we expect a hyperbranched structure
without a significant amount of cross-linking. The cross-linking observed here, thus has to
be due to side reactions not included in Figure 3.1b. The most likely candidates of a side
reaction are trans esterfication reactions or the formation of water due to the condensation
of two silanol groups. This assumption is further supported by the appearance of TEOS in
the raw product (peak Q0(0/4)) in Figure 3.3a, and of molecules bearing neither cycles nor
silanol groups in the MALDI-ToF mass spectrum (squares in Figure 3.5a). Some possible
side reactions are summarized in Figure 3.6. Similar side reactions can be expected for the
polycondensation of acetoxytriethoxysilane.
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Figure 3.6: Main reaction and possible side reactions that give rise to additional cyclic
structures in polyethoxysiloxane obtained via the silanol route.
It is important to mention that in contrast to ´ethylsilicates´ synthesized  via hydrolysis
and condensation of TEOS,
[25]
 no silanol groups are observed in the polymers obtained
here. In the hydrolysis and condensation reaction of TEOS many silanol groups are
observed even at low water to TEOS ratios of 0.3 to 0.5.
[28,46]
 While ´ethylsilicates´
synthesized with a water to TEOS ratio of r = 1.1 are still changing their properties even
after prolonged storage time of 105 days,
[26]
 the polyethoxysiloxanes synthesized here
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exhibit no silanol groups and can therefore not change their molar mass and molecular
structure with time.
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Figure 3.7: Size exclusion chromatogram of polyethoxysiloxanes, obtained via the silanol
route (black) and via the one pot synthesis route (grey). (Refractive Index and evaporative
light scattering detector)
Molar mass:
To determine the molar mass distribution of the polymers size exclusion chromatography
with THF as eluent using a combination of different detectors was performed. Figure 3.7
shows the chromatograms of polyethoxysiloxane obtained via the silanol route and via the
one pot synthesis route using a refractive index detector (RI) and an evaporative light
scattering detector (ELS). While the ELS detector shows a single positive peak the signal
of the RI detector changes the sign at high elution volumes, indicating a change of the
refractive index increment (dn/dc) with molar mass. Both synthesis routes gives very
similar elugrams. Only in the low molar mass region (high elution volumes) and the high
molar mass region (low elution volumes) they differ slightly from each other.
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Figure 3.8: Plot of peakareas of refractive index detector (open symbols) and ELS detector
signal (filled symbols) derived from SEC versus injected mass. Polyethoxysiloxane
(squares) and narrow dispersed linear polystyrene 120 kg/mol (triangles) for comparison.
The ELS detector is a mass sensitive detector measuring the ratio of scattered to not
scattered light from an aerosol produced from the eluted polymer solution. However, the
signal of an ELS detector does not necessarily increase linear with the concentration of
the polymer solution and its sensitivity drops down for oligomeric species.
[49]
 Figure 3.8
shows the nonlinearity of the ELS detector compared to the RI detector while analyzing
polyethoxysiloxane and polystyrene for comparison. As can be seen the RI detector
exhibits for both polymers a slope of 1.00  0.05 in the double logarithmic plot of the
peakarea against the injected mass showing the linearity of this detector. But it can also be
seen that the sensitivity of the RI detector is lower for the polyethoxysiloxane as well as
this is the case for the ELS detector compared to polystyrene samples. In contrast to the
RI detector the ELS detector exhibits a slope of 1.75 for polystyrene and 1.46 for
polyethoxysiloxane, showing the strong nonlinearity of this detector. Therefore, it was
necessary to calibrate the response of at least one detector. We choose to measure the
dependence of dn/dc on elution volume, i.e. molecular size. The SEC elution volumes are
related to the hydrodynamic size of the molecules. Because the molecules can vary in
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their branching structure, equal size does not necessarily correspond to equal molar
masses. Yet we attempted a calibration of elution volumes to molar masses by
comparison to MALDI-ToF-MS and light scattering data of fractionated samples.
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Figure 3.9: Dependence of the refractive index increment (dn/dc) on the elution volume of
fractionated samples (filled symbols) as well as the ratio of refractive index detector to ELS
detector signal (open symbols).
In order to determine a true size distribution we had first to evaluate the size dependent
variation of dn/dc. We fractionated the polyethoxysiloxane synthesized via the silanol
route with preparative SEC and determined the dn/dc values of the different fractions.
Figure 3.9 depicts these values plotted versus the elution volumes of the peak maxima of
the polymer fractions as closed symbols. As expected the dn/dc values change with
elution volume. A similar change in refractive index has been observed by SEC of the
condensation product of octaethoxytrisiloxane with water.
[50]
 For comparison Figure 3.9
contains also the ratio of the RI-detector signal to the ELS-detector signal (for polymers
synthesized by both routes). These data are in good agreement with the dn/dc curve. Thus
in a first approximation the non linearity of the ELS detector can be neglected and we can
either use the ELS detector or the RI-Signal divided by the dn/dc data of Figure 3.9 to
obtain a measure of the polymer concentration.
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In order to obtain a more precise picture on the correlation between the elution volume
and the molecular structure we compared the molar mass of fractionated samples
measured by MALDI-ToF-MS (Figure 3.10a) and static light scattering and applied
universal calibration (as summarized in the appendix).
[51,52]
 These molar masses are
plotted in Figure 3.10b versus the elution volume. The data derived from MALDI-ToF-
MS and universal calibration show a good agreement with each other, while the data
obtained from static light scattering show significantly higher molar masses. This
deviation might have two reasons: (i) in a polydisperse sample like the one investigated
here the weight average molar mass determined by light scattering will be higher than the
peak molar mass obtained from MALDI-ToF-MS and the viscosity based average
determined by universal calibration. (The specific viscosity used for universal calibration
is proportional to the volume fraction of polymer molecules. Any fraction passing the
viscosity detector has a narrow distribution of hydrodynamic volume. Therefore, the
volume fraction is proportional to the number concentration of polymers and universal
calibration yields a number average of the molar mass – see also eq.(3.8) in the
appendix)
[53,54]
 (ii) In order to have a reasonable refractive index contrast, light scattering
experiments were performed in toluene. This change of solvent might give rise to
reversible aggregation.
As a first approximation the data obtained via universal calibration to calibrate the molar
masses versus elution volume were used. In addition tetraethoxysilane was used as
calibration standard for the very high elution volume region. The molar mass distribution
of polyethoxysiloxane shown in Figure 3.11 for the polymers obtained by the silanol as
well as via the one pot synthesis route was obtained by dividing the RI Signal in Figure
3.7 by the dn/dc curve in Figure 3.9 and calibration of the abscissa with a fifth order
polynomial fit of the universal calibration data shown in Figure 3.10b. Comparing the
corrected RI elution diagrams with the ELS signals demonstrates a strong deviation in the
low molar mass region, that is however expected because of the insensitivity of ELS
detectors for low molar mass products. For molar masses higher than 2300 g/mol the ELS
detector signal is in satisfying agreement with the corrected RI signal and consequently a
good measure for the true size distribution. Based on the universal calibration data, the
corrected RI elugrams in Figure 3.11 give the average molar masses as summarized in
Table 3.2.
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Figure 3.10: (a) MALDI-ToF mass spectra of polyethoxysiloxane fractionated by SEC. For
clarity the spectra were normalized and shifted vertically. (b) Calibration of the size
exclusion chromatography of polyethoxysiloxane obtained through MALDI-ToF-MS, static
light scattering and universal calibration.
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Figure 3.11: Comparison of the concentration traces (solid) (RI signals divided by dn/dc
according to Figure 3.9) and ELS detector signals (dotted) for polyethoxysiloxanes
obtained via the silanol route (black) and via the one pot synthesis route (grey). Data for
the concentration trace of polyethoxysiloxane via the silanol were omitted route between
1.3 and 2.3 kg/mol due to large scattering.
Until now, all attempts to significantly influence the molar mass of polyethoxysiloxane
via variation of the reaction conditions in the silanol route were unsuccessful. However,
the acetoxy route allows variations in molar mass. Figure 3.12 shows several size
exclusion chromatograms of polyethoxysiloxane synthesized via the acetoxyroute with
increasing reaction time. As shown in the inset the logarithm of molar mass as well as the
polydispersity of the polymers increases exponentially with reaction time.
Table 3.2: Average molar masses of polyethoxysiloxanes obtained via the silanol and the
one pot synthesis route as derived by SEC combined with  universal calibration.
Mn [kg/mol] Mw [kg/mol]
RI ELS RI ELS
Polyethoxysiloxane via the silanol
route
2.3 4.3 8.1 7.1
Polyethoxysiloxane via the one pot
synthesis route (low catalyst amount)
2.5 3.2 8.4 8.3
Polyethoxysiloxane via the one pot
synthesis route (high catalyst amount)
1.1 1.8 3.6 4.3
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Figure 3.12: Size exclusion chromatograms of polyethoxysiloxane obtained via the acetoxy
route after different reaction times. The curves are shifted vertically for clarity. The inset
shows the dependence of the number and weight average molar mass with reaction time.
Comparison of the intrinsic viscositiy with the molar mass can be used to evaluate the
molecular shape, i.e. branching. According to the Mark Houwink equation the
dependence of the intrinsic viscosity of a polymer on its molar mass is given by a power
law:
 KM][ (3.2)
The exponent  depends on the molecular structure. Hard spheres give values of nearly
zero, rigid rods give values ranging from 1 to 2, linear polymers exhibiting coil like
structures give values ranging from 0.5 to 0.7 and hyperbranched polymers should give
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values below 0.5.
[55-60]
 In Figure 3.13 Mark Houwink plots are shown for polymers
obtained via both routes. For comparison we depict also the double logarithmic plot of []
versus Mn for linear polystyrene.
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Figure 3.13: Mark-Houwink plot of linear polystyrene and polyethoxysiloxane obtained via
the silanol and via the acetoxy route.
The Mark Houwink exponent obtained from Figure 3.13 for both polyethoxysiloxanes is
0.5. It corresponds to data of similar ´ethylsilicates´.
[17]
 Trimethylsilylated condensation
products of TEOS with water, yielded  values in benzene ranging from 0.34 to 0.75.
[17]
However, the determined -value here is higher than -values obtained for other
hyperbranched polymers. 
[55-60]
 Moreover, based on the different degrees of branching
calculated in Table 3.1 from 
29
Si NMR, one might expect that the Mark Houwink
exponents of the polyethoxysiloxanes obtained via the two different routes should deviate
from each other. This difference might however be masked by the scattering of the data in
Figure 3.13. The unexpectedly high value of  might be partly due to the distribution in
molar mass and branching structure for molecules of identical hydrodynamic radius.
Furthermore the observation remains puzzling.
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3.4 Conclusions
Different polyethoxysiloxane polymers using triethoxysilanol and acetoxytriethoxysilane
as AB3 type monomers were synthesized. Furthermore it was possible to synthesize
polyethoxysiloxanes via reaction of tetraethoxysilane with acetic anhydride in a A2 + B4
polymerization using TEOT as catalyst. Polyethoxysiloxanes are liquids and soluble in
organic solvents. They are versatile precursor polymers for SiO2 whose content of
cleavable groups that will contribute to volatile organics can be reduced significantly. The
NMR and MALDI-ToF-MS analysis showed that the polymers obtained by the silanol
route have a hyperbranched structure with some cycle formation. Rather similar polymers
could be synthesized by the acetoxy route, which is technologically much more feasible.
For these polymers 
29
Si NMR indicates a less branched structure, which was however not
confirmed by the []/Mn values. The synthesis via acetoxytriethoxysilane allows
furthermore a distinct control of the molar mass of the polyethoxysiloxane. The products
obtained via this route still contain acetoxygroups after short reaction times, but the
amount decreases with longer times. Using the titanium catalyzed one pot reaction it was
possible to synthesize large amounts in short time. The molecular structure according to
29
Si NMR and molar mass of this polymers are very similar to that obtained via the silanol
route and the polymer do not contain any acetoxygroups. This synthesis route seems to
have a great potential for large scale production of polyethoxysiloxanes. Compared to
´ethylsilicates´ synthesized via hydrolysis and condensation of tetraethoxysilane the
polymers synthesized here do not contain any hydroxygroups. The products are stable and
low molar mass volatile fractions can be eliminated fully.
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3.6 Appendix
Universal calibration
Universal calibration is based on the fact that for sufficiently diluted solutions the specific
viscosity (-0)/0 is proportional to the hydrodynamic volume Vh times the
concentration divided by the molar mass M of the polymer.
M
c
V~ h
0
0


(3.3)
Thus, using a standard of known molar mass (Ms) one can calculate the molar mass of an
unknown polymer (M) of the same hydrodynamic volume ( same elution time in SEC)
according to
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for polymers, that are monodisperse in molar mass and hydrodynamic volume this is
equivalent to
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In the case here, however even polymer molecules of the same hydrodynamic volume
differ in their degree of branching, giving rise to some polydispersity in molar mass.
Therefore, the specific viscosity is given by the summation over all present species.
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Thus the reduced specific viscosity 1/c (-0)/0 is proportional to the inverse number
average of the molar mass (with ci = wic and wi = mi/m and mi = niMi, where ci = mass
concentration of a given species, wi = mass fraction of a given species and ni = number of
molecules of a given species)
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Chapter 4
Stripping of Hyperbranched Polyethoxysiloxane
4.1 Introduction
For some application it is desired that polymers do not contain volatile low molar mass
compounds, have controllable silica equivalent contents and exhibit a certain viscosity,
for instance in the so called ´lost wax´ process of precision casting.
[1-4]
 Regarding the
point of volatile low molar mass components, all products synthesized according to the
methods described in Chapter 3 contain even at high conversion rates low molar mass
compounds as an intrinsic consequence of the polycondensation reactions performed.
[5-7]
Beside of this only by using acetoxytriethoxysilane without catalysts it was possible to get
an exponential increase in molar mass with reaction time and therefore high molar mass
products. But this synthesis route seems not to be suitable for high throughput
polymerization, because the polymerization times are in the range of days.
From literature it is known that the molar mass of ethylsilicates synthesized via A2 and B4
monomers can be increased by increasing the stoichiometric ratio of B4 to A2. For
instance by increasing the molar ratio of water to tetraethoxysilane from 1.06 to 1.5 the
molar mass of the polycondensation product increases by an factor of 3.7.
[8]
 A possible
way to produce higher molar mass alkoxysiloxanes like butylsilicates uses the reaction
between silicon tetrachloride with acetic acid and butanol. Oily products are obtained by
using a 2:2:6 stoichiometry respectively, whereas using a stoichiometry of 2:3:5 results in
resins.
[9]
 Gels are obtained using a stoichiometry of 2:4:2, but nothing is said about the
molar mass distribution, the silicon content and stability of these products.
Silicontetrachloride as source for silicon in combination with four parts
dimethylformamide and excess ethanol is also described to give ethylsilicates. Products
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via this way have a silicon content equivalent to 55 wt.-% SiO2 and a viscosity of 250 cSt.
These products are stable liquids and show no precipitation of silica during six months.
[10]
Similar products of the same silica equivalent content are obtained via further hydrolysis
and condensation of ethylsilicates having 40 wt.-% silica equivalent content.
[11]
Increasing the average molar mass of polymers and getting rid of low molar mass
compounds, monomers or reactive components is possible by distillation.
[12,13]
 In the case
of ethylsilicates distillation can be used to examine the composition of these polymers.
[1]
Distillation at atmospheric pressures up to 180°C yields tetraethoxysilane, whereas above
180°C distillation products have a polymerization degree up to 3 and the residue is a glue
like substance. Further heating of this residue results in decomposition in lower boiling
degradation products. Distillation of ethylsilicates can also be performed under reduced
pressure.
[10]
 The distillation product between 120°C and 200°C at 0.2mm Hg pressure
contains an equivalent of 43 wt.-% silica, which is slightly below the theoretical silica
equivalent of 44.8 wt.-% of hyperbranched polyethoxysiloxane. Further heating to 300°C
at 0.2 mm Hg gives another fraction and an undistillable residue. But nothing is said about
the composition of these products.
Reaction of carboxylic acids with TEOS without solvent is another possibility for forming
polyethoxysiloxanes. This process is often described as an anhydrous way to synthesize
siloxanes, but indeed using for instance formic acid which normally contains 4 wt.-%
water it is clearly not. In other cases esterification reactions between ethanol and the acid
leads to the formation of water.
[14,15]
 Nevertheless polymers soluble in organic solvents
can be obtained. A very detailed description of the distillation products of ethylsilicates
obtained via reaction of a stoichiometric mixture of tetraethoxysilane with glacial acetic
acid is given in US 2490691.
[16]
 Increasing the distillation temperature at a pressure of 10
-
3
 mm Hg from 65 to 273°C fractions were obtained having an number-average molar
mass of over 10 kg/mol, a dynamic viscosity up to 93 centipoise and a silica equivalent
content up to 44.93 wt.-%. The residue (5 wt.-% yield) exhibits hereby a dynamic
viscosity of 242 centipoise and a silica equivalent of 45.15 wt.-%. Nevertheless these
products are no pure ethylsilicates because up to 5% acetoxygroups were detected.
In this chapter different distillation conditions will be used to influence the average molar
mass of hyperbranched polyethoxysiloxanes. SEC is used to investigate the obtained
products in terms of their molar mass distribution and 
29
Si NMR is applied to get an
insight into their chemical structure. Beside of this it will be shown that using the
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described procedures the silica equivalent content can be increased up to 59 wt.-% and the
dynamic viscosity of the products can be varied over five orders of magnitude.
4.2 Experimental
4.2.1 Materials
Hyperbranched polyethoxysiloxane was synthesized according to procedures described in
Chapter 3. Two different polymers were used. One was obtained via the triethoxysilanol
route and the other was synthesized using tetraethoxysilane and acetic anhydride with
0.15 mol-% tetraethyl orthotitanate (TEOT) as catalyst.
4.2.2 Methods
Three different experimental setups were used for distillation. Vacuum distillation setup
no.1 consisted of a 500 mL one necked round bottom flask, equipped with a distillation
bridge with thermometer, inlet for argon and a connection to a rotary vane vacuum pump
(model RZ-5; nominal 4*10
-4
 mbar; 5.6 m
3
/h; Vacubrand; Germany). Setup no.2
consisted of a glass ball tube distillation device (Büchi, GKR-51, Glaskugelrohrdestille),
operating at 15 rpm. Setup no.3 consisted of a vacuum thin film evaporator (type S 51/31;
Normag; Illmenau, Germany) equipped with a rotary vane vacuum pump (model RZ-5;
nominal 4*10
-4
 mbar; 5.6 m
3
/h; Vacubrand; Germany), magnetic coupling (Buddelberg,
Mannheim, Germany) for the stirrer (model RZR 2020, Heidolph, Germnay) operating at
the highest level 10, a heating device (type 500; K. K. Juchheim Laborgeräte, Germany)
and heating controller (type 50.102.00; K. K. Juchheim Laborgeräte, Germany).
Molar mass distributions were obtained from analytical SEC with THF (p.a., Merck) as
solvent. The setup consisted of Waters μ-Styragel columns with nominal pore sizes of
10
6
, 10
5
, 10
4
,10
3
 and 500 Å and a guard column. Sample detection was performed by
Waters 410 differential refractometer either serially connected with an evaporative light
scattering detector (PL-ELS-1000, polymer laboratories) or parallel connected with a four
capillary viscosimeter (Viscotek, Germany, model HB502B). For analyzing samples with
the evaporative light scattering detector (ELS detector ) 20 μL sample volume was
injected. For analyzing samples with the viscosimeter 100 μL sample volume was
injected. The sample concentration was 20 mg/ml. For calibration of the system the
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universal calibration curve derived in Chapter 3 was used. Calculation of the
concentration trace from the refractive index signal was performed using the dn/dc
function derived in Chapter 3.
NMR spectra were obtained using a Bruker DRX 400 NMR spectrometer operating at
400 MHz decoupler and 100 MHz transmitter frequency using 5 wt.-% chloroform-d
(99.8% deutero GmbH) solutions in the case of 
1
H NMR spectra. For 
29
Si NMR spectra
acquisition a Bruker AMX 500 NMR spectrometer operating at 500 MHz decoupler and
100 MHz transmitter frequency was used. The 
29
Si NMR spectra were recorded at room
temperature performing 2000 scans with a pre-scan-delay of 12.5 sec using 20 wt.-% in
toluene-d8 (99.5% deutero GmbH) solutions containing 0.015 mol/L
chromium(III)acetylacetonate (purum, Fluka) as a paramagnetic relaxing agent.
Tetramethylsilane (puriss, Fluka) was used as internal standard. The spectra were
flattened by numerically subtraction of a baseline, recorded using pure solvent as sample.
Elemental Analysis of carbon and hydrogen content was performed using a Heraeus
CHNO Rapid Analyzer. Silicon analysis was performed at the INEOS institute of organo-
element compounds (Russian academy of science, Russia).
Viscosities at zero shear rate were determined using a dynamic rheometer (DRS,
Rheometrics) at 25°C using a searl system rotating in a conical cylinder with 13 mL
sample volume and a constant force of 0.1 Pa. In case of products with high viscosities a
cone-plate geometry with a diameter of 25 mm and a constant force of 200 Pa was used.
Thermogravimetrical analysis (TGA) was performed using a Perkin Elmer TGS-2 system
operating under nitrogen atmosphere with a heating rate of 10 K/min.
4.2.3 Synthesis
Procedure no.1: Polyethoxysiloxane  was synthesized via the one pot synthesis route (see
Chapter 3) using 416 g (2 mol) tetraethoxysilane (for synthesis, Merck), 204 g (2 mol)
acetic anhydride (puriss, Merck) and 0.7 g (0.155 mol-%) TEOT (technical, Aldrich,
contains 20 mol-% tetraisopropyl orthotitanate). The yield of 263 g polymer {sum
formula acc. to 
29
Si NMR: (SiO(OEt)2)28(SiO2)} was heated and stirred with a magnetic
stirrer at 130°C and 1 mbar in a 500 mL one necked flask equipped with a distillation
bridge with an inlet for nitrogen and a thermometer, a cooling trap filled with liquid
nitrogen, a manometer and a rotary vane vacuum pump (Model RZ-8, nominal 0,0004
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mbar - 8.6 m
3
/h, Vacubrand, Wertheim, Germany). During 2 h 70 g tetraethoxysilane
were removed yielding 193 g polymer with an increased viscosity.
Elem. Anal.: Found C 31.39, H 6.57, Si 24.05
Elem. Anal. acc. to 
29
Si NMR: Found C 31.78, H 6.67, Si 23.84
((SiO(OEt)2)3.25(SiO2))n (496.2)n: Calcd. C 31.47, H 6.60, Si 24.05
Procedure no.2: Polyethoxysiloxane  was synthesized via triethoxysilanol using the
procedure described in Chapter 3. 3.63 g of the polymer were placed in a 25 mL NS14
round bottom flask and inserted into a glass ball tube distillation device (Büchi, GKR-51,
Glaskugelrohrdestille), operating at 15 rpm equipped with a cooling trap filled with liquid
nitrogen, a digital manometer ( model VAP-5, Vacubrand, Wertheim, Germany) and a
rotary vane vacuum pump (Model RZ-8, nominal 0,0004 mbar - 8.6 m
3
/h, Vacubrand,
Wertheim, Germany). The temperature was increased in three steps from room
temperature to 250°C while removing 1.69g (46.6 wt.-%) volatile compounds. The
residue was 1.93 g (53.4 wt.-%) of a highly viscous brownish polymer fully soluble in
organic solvents like toluene, tetrahydrofurane, ethanol, hexane or chloroform.
Elem. Anal.: Found C 27.70, H 5.60, Si 27.56
Elem. Anal. acc. to 
29
Si NMR: Found C 30.38, H 6.37, Si 24,84
((SiO(OEt)2)1.30(SiO2))n (233.9)n: Calcd. C 26.61, H 5.58, Si 27.56
Procedure no.3: Polyethoxysiloxane  was synthesized via the one pot synthesis route (see
Chapter 3) using 416 g (2 mol) tetraethoxysilane (for synthesis, Merck), 204 g (2 mol)
acetic anhydride (puriss, Merck) and 0.7 g (0.0155 mol-%) TEOT (technical, Aldrich).
The yield of 255 g (95% of theory) polymer {sum formula according to 
29
Si NMR:
(SiO(OEt)2)18(SiO2)} was subjected to distillation using a vacuum thin film evaporator
(model KDL1; UIC-GmbH; Alzenau-Hörstein, Germany; 0.018 m
2
 heating area, 0.007
m
2
 condenser area) equipped with cooling trap filled with liquid nitrogen, a rotary vane
vacuum pump (model RZ-5; nominal 4*10
-4
 mbar; 5.6 m
3
/h; Vacubrand; Germany), a
magnetic coupling (Buddelberg, Mannheim, Germany) for the stirrer (model RZR 2020,
Heidolph, Germany) operating at the highest level 10, a heating device (type 500; K. K.
Juchheim Laborgeräte, Germany) and heating controller (type 50.102.00; K. K. Juchheim
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Laborgeräte, Germany). In a first run 49.3 g (19.3 wt.-%) of low molar mass components
were removed at 100°C and 1mbar and a dropping speed of 30 g/h. The residue of 206.2 g
(80.9 wt.-%) polymer were subjected to a second run at 150°C and 1 mbar using a
dropping speed of 50 g/h. During this run it was possible to remove another 43.3 g (17.0
wt.-%) volatile compounds leaving 162.9 g (63.9 wt.-%) of a brownish polymer with an
increased viscosity.
Elem. Anal.: Found C 33.35, H 7.00 Si 22.99
Elem. Anal. acc. to 
29
Si NMR: Found C 33.94, H 7.21, Si 22.19
((SiO(OEt)2)5.2(SiO2))n (751.1)n: Calcd. C 32.94, H 6.91, Si 22.99
4.3 Results and Discussion
To get an insight into the molecular composition of the products from the three different
distillation procedures 
1
H, 
13
C and 
29
Si NMR was performed. To reveal the molar mass
distribution the samples were investigated using size exclusion chromatography. The
polymers got from procedure 2 were also subjected to thermogravimetrical analysis
(TGA). For comparison of the products from different procedures viscosities at zero shear
rate were determined and compared with molar mass and silicon content of the polymers.
4.3.1 Results of procedure no.1
Figure 4.1 shows 
29
Si NMR spectra of hyperbranched polyethoxysiloxanes synthesized
according to procedure no.1. Spectrum (a) corresponds to the polymer before vacuum
treatment at 130°C and 1 mbar for 2 h, whereas the spectrum (b) was required after that
treatment. The labels T, L, sD and D assign different molecular building blocks in the
polymer molecules as schematically shown at the top of the figure. They correspond to
terminal, linear, semi-dendritic and dendritic groups respectively. From the peakareas it
can be seen, that the distribution of the different building blocks changes during vacuum
heat treatment. While the relative amount of linear groups stay nearly unchanged, the
relative amount of semi-dendritic and dendritic groups increase at the expense of terminal
groups. The relative amount of tetraethoxysilane left in the product decrease as well. The
relative amount of tetraethoxysilane of 3.6 wt.-% (calculated according to the molar ratio
of silicon atoms to ethoxy groups in the 
29
Si NMR spectra) in the starting polymer is far
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less, than the amount of 27 wt.-% tetraethoxysilane, which was distilled off during the
distillation procedure. Therefore it can be concluded that the large amount of
tetraethoxysilane was formed during distillation. Such behavior was also observed during
distillation of ethylsilicates produced via silicon tetrachloride and ethanol.
[1]
H3CH2CO Si
OCH2CH3
OCH2CH3
O1/2 H3CH2CO Si
O1/2
OCH2CH3
O1/2
L
O1/2 Si
O1/2
OCH2CH3
O1/2 O1/2 Si
O1/2
O1/2
O1/2
sD DT
Figure 4.1: 
29Si NMR spectra (of hyperbranched polyethoxysiloxanes according procedure
no.1. (a) Before and (b) after vacuum treatment at 130°C and 1mbar for 2h. At the top the
different molecular building blocks labeled with T, D, sD and D are drawn schematically.
The evolution of tetraethoxysilane is a degradation process caused by cross-linking
reactions as can be concluded by the increase of the higher molar mass part of the molar
mass distributions derived from size exclusion chromatography (Figure 4.2). Furthermore
one can observe in Figure 4.2 a decrease of components with molar masses minor 1000
g/mol, which is consistent with the fact, that the product after distillation contains less
tetraethoxysilane as observed via 
29
Si NMR.
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Figure 4.2: Molar mass distribution of hyperbranched polyethoxysiloxane polymers
synthesized according to procedure no.1. Before (dotted) and after vacuum treatment at
130°C and 1mbar for 2h (solid).
4.3.2 Results of procedure no.2
A even more pronounced increase in molar mass can be achieved by increasing the
distillation temperature. This was done by fractional distillation using a glass ball tube
distillation device. The temperature was increased from 150°C,to 200°C up to 250°C. As
can be seen from Table 4.1, it was possible to remove around 45% volatile compounds (at
250°C, 0.2 mbar) from the hyperbranched polyethoxysiloxane using this procedure. NMR
investigations (Figure 4.3) of the fractions obtained show that fraction 2 (150°C) consists
of molecules with 79 mol-% terminal groups and 21 mol-% linear groups. A closer look
to the 
29
Si NMR spectrum in Figure 4.3 shows, that the peakgroup at –88.6 ppm, which
belongs to the terminal groups, consist of three different peaks as well as the peakgroup at
–95 to –96 ppm, which belongs to linear molecular building blocks. Interpretation of the
areas of the peaks is roughly consistent with a composition of 67% dimer, 20% trimer,
7% cyclic trimer (peak at –94.74 ppm) and 6% tetramer.
Stripping of Hyperbranched Polyethoxysiloxane
79
Table 4.1: Distillation conditions, masses and relative amounts of the different building
blocks (derived from 29Si NMR) of the different fractions obtained during fractional
distillation of hyperbranched polyethoxysiloxane using a ball tube distillation device
according to procedure no.2.
Relative molar amount ofMass
[g] ([%])
Temperature/
Pressure
[°C]/[mbar] terminal
groups
[%]
linear
groups
[%]
semi-
dendritic
groups
[%]
dendritic
groups
[%]
Degree of
branching
ref.[17]
Raw 3.63 (100) 32 33.5 23,7 8 56.8
Fraction 1 0.03 (0.8) 25/1.0 n.d. n.d. n.d. n.d. n.d.
Cooling trap 0.32 (8.8) n.d. n.d. n.d. n.d. n.d.
Fraction 2 0.65 (18) 150/0.7 78.9 21.1 0 0 0
Fraction 3 0.34 (9.4) 200/0.7 25.3 64.9 9.9 0 17.5
Fraction 4 0.33 (9.1) 250/0.2 22.2 52.3 25.5 0 37.0
Residue 1.94 (53.4) 13 32 40 15 66.9
The ratio of ethoxy groups to silicon atoms derived from the spectrum is 2.79 and is in
good agreement with the calculated ratio of 2.84 according to above described
composition. The area of the different peakgroups in the 
29
Si NMR spectrum of Fraction 3
(200°C) correspond to 25.3% terminal groups, 64,9% linear groups and 9.9% semi-
dendritic groups resulting in a molar ratio of ethoxy groups to silicon atoms of 2.16. This
ratio drops to 1.97 in case of fraction 4 (250°C). Therefore one can conclude that fraction
3 and 4 consist mainly of higher oligomers. Fraction 1 and the substance trapped in the
cooling trap consists presumably of tetraethoxysilane.
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Figure 4.3: 29Si NMR spectra of hyperbranched polyethoxysiloxane fractionated via a ball
tube distillation device according to procedure no.2: (a) raw polyethoxysiloxane (b)
fraction 2 (c) fraction 3 (d) fraction 4 and (e) residue. The grey lines show the integral of
the different spectra. At the top the different molecular building blocks labeled with T, D,
sD and D are drawn schematically. The insets in spectrum b shows higher magnifications
of the respective regions.
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Figure 4.4: Molar mass distributions of hyperbranched polyethoxysiloxanes before (dotted)
and after distillation at 250°C according to procedure no.2. It was not possible to calculate
the concentration trace of the molar mass distribution of the residual polymer, therefore the
refractive index signal (solid) and the ELS signal (dashed) is shown.
Beside of this, the residue of the fractional distillation is still soluble in organic solvents
and has a much higher viscosity as the raw polyethoxysiloxane. The degree of branching
of the different fractions and the residue increases steadily as the distillation temperature
was increased. The residue of the distillation exhibits the highest degree of branching with
a value of 0.67 as shown in the last column of Table 4.1. This value is as in the case of the
polyethoxysiloxanes synthesized via the ´silanol route´ in chapter 3 higher as the
theoretical one and depends strongly on the degree of internal cross-linking as will be
shown later on in this chapter. The investigation of the molar mass distribution of the
residue was difficult in the sense of the fact that no negative peak in the refractive index
signal was observed in the low molar mass region as it was the case in the investigation of
the raw hyperbranched polyethoxysiloxanes (see Chapter 3). Therefore both signals the
refractive index as well as the evaporative light scattering signal are shown in Figure 4.4.
Nevertheless evaluation of the data show that the average molar mass increases by a
factor of 3 to 4 using procedure no.2. Low molar mass compounds are distilled off,
whereas cross-linking leads to an increase of the higher molar mass weight fraction. This
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fact was also confirmed by thermogravimetrical analysis of the raw and the stripped
polymer. Already at 50°C volatile compounds begin to evaporate from the raw
polyethoxysiloxane and a steady mass decrease was observed up to 600°C ending at 28%
of the initial mass as residue (Figure 4.5). Regarding the stripped polymer volatile
compounds or decomposition products starts to evaporate not before 220°C and the
residual mass numbers 45% of the initial mass. This is 12% less as the calculated silicon
dioxide equivalent content of 59 wt.-% according to silicon elemental analysis. This can
be explained assuming that the ethoxygroups are lost as tetraethoxysilane, as it is
probably the case during heating. The theoretical silicon dioxide content according to
silicon elemental analysis numbers in that case 42 wt.-%.
Using a slightly adjusted distillation procedure (10 g raw polyethoxysiloxane and no 25
ml round bottom flasks but only one 18 cm long flask having a diameter of 2,5cm) the
residue at 700°C could be further increased to 50 wt.-% (Figure 4.5).
Figure 4.5: Thermogravimetrical analysis curves for hyperbranched polyethoxysiloxanes
before (dotted) and after vacuum distillation at 250°C acc. to procedure no.2, using 3 g
raw material and a 25 mL round bottom flask (dashed) and using 10 g raw material and a
18 cm long flask with 2.5 cm in diameter (solid).
4.3.3 Results of procedure no.3
Both procedures described so far result in cross-linking reactions, nevertheless the
products stay soluble in organic solvents. Procedure no.3 describes an approach to distill
low molar mass components off the product virtually without additional cross-linking
reactions. The use of a thin layer short path distillation device offers the opportunity that
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the polymer stays only a short time (several seconds to one minute) in the heating zone, 
whereas volatile compounds are distilled off very effective, because of the short path 
(around 2 cm) to the cooling finger. Two experiments were performed. At first 
hyperbranched polyethoxysiloxane as received from the one pot synthesis route was 
subjected to distillation at 100°C. In a second run the residual polymer from this first run 
was subjected to distillation at 150°C. The different residues and distillates obtained were 
investigated using NMR and SEC. 
 
Table 4.2: Distillation conditions, masses and relative amounts of the different building 
blocks (derived from 29Si NMR) of the different fractions obtained during fractional 
distillation of hyperbranched polyethoxysiloxane using a thin layer short path distillation 
device according to procedure no.3. 
 Mass 
[g] ([%]) 
Temperature 
Pressure 
[°C]/[mbar] 
Relative amount of Degree of 
branching 
ref.[17] terminal 
groups 
[%] 
linear 
groups 
[%] 
semi-
dendritic 
groups 
[%] 
dendritic 
groups 
[%] 
Raw 255.0 (100)  17.5 45.2 32.8 4.7 50.7 
Cooling trap 13.9 (5.5)  n.d. n.d. n.d. n.d. n.d. 
Distillate 1 35.4 (13.9) 100/1 52.7 19.2 4 0 22.1 
Residue 1  206.2 (80.8) 100/1 15.5 45.9 34.4 4.2 50.5 
Distillate 2 43.3 (17.0) 150/1 34.6 48.3 16.4 0.7 32.1 
Residue 2 162.9 (63.9) 150/1 17.9 45.9 33 3 48.4 
 
Figure 4.6 shows 29Si NMR spectra of the raw polyethoxysiloxane (a), the substance in 
the cooling trap (b), the distillate and the residue received at 100°C (c+d), and of the 
distillate and the residue received at 150°C (e+f). The labels T, L, sD and D assign 
different molecular building blocks in the polymer molecules as schematically shown at 
the top of the figure. They correspond to terminal, linear, semi-dendritic and dendritic 
groups respectively. The peakgroups corresponding to linear and to semi-dendritic 
building blocks are divided in 2 and 3 peaks respectively. The silicon atoms belonging to 
the downfield shifted part of these peakgroups are silicon atoms in cyclic environment 
(see Chapter 3 for details).  
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Figure 4.6: 29Si NMR spectra of hyperbranched polyethoxysiloxane fractionated via thin
layer short path distillation according to procedure no.3: (a) raw polyethoxysiloxane (b)
distillate at 100°C (c) residue at 100°C (d) distillate at 150°C and (e) residue at 150°C.
The grey lines show the integral of the different spectra. At the top the different molecular
building blocks labeled with T, D, sD and D are drawn schematically.
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It seems that the relative amount of these silicon atoms does not change during the
distillation procedure as well as the relative amount of the different molecular building
blocks. Compared to the NMR spectra obtained from the different substances using the
ball tube distillation (compare Table 4.1 and Table 4.2), there are two important facts to
mention. (i) in deviation to procedure no.2 there is nearly no change observable in the
relative distribution of the different buildings blocks as well as the degree of branching
regarding the raw polymer and the residues obtained in procedure no.3 (taking the
experimental and numerical error of around 2% in the peakareas of the 
29
Si NMR spectra
into account). (ii) although the thin layer distillation is a soft method, tetraethoxysilane
evolves during distillation at 100°C and must be caused by some cross-linking reactions,
because it was not detectable in the raw polymer before distillation. The distillate at
150°C consists mainly of oligomers as indicated by the ratio of ethoxygroups to silicon
atoms of 2.17 which is higher than the theoretical ratio of 2 for polyethoxysiloxanes. The
fact no tetraethoxysilane was observed at 150°C in the distillate remains puzzling.
Figure 4.7: Molar mass distributions obtained from SEC of products involved in
distillation procedure no.3. Concentration traces as calculated of (a) raw hyperbranched
polyethoxysiloxane (b) distillate at 100°C (c) residual polymer at 100°C (d) distillate at
150°C and (e) residual polymer obtained at 150°C (ELS signal in deviation to the other
traces). All traces are normalized and shifted vertically for clarity.
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Taking a look to the molar mass distributions of the products as shown in Figure 4.7 it can
be seen that the cross-linking reactions are not as severe as using procedure no.1 or 2 and
do not affect the molar mass distributions of the products obtained in a detectable way.
Because in deviation to the procedures, where the hyperbranched polyethoxysiloxane is
subjected to higher temperatures for long times, the higher molar mass fraction of the
polymer does not increase significantly using the thin layer distillation procedure either at
100°C nor at 150°C. But in contrast to procedure no.1 low molar mass compounds are
removed very effectively (trace b and d in Figure 4.7).
This can also be seen comparing the average molar masses of the different products as
summarized in Table 4.3. It can be seen that the average molar masses of the products,
which are distilled off, increase with increasing temperature. As a consequence of
distilling off the low molar mass compounds of the raw polymer the average molar
masses of the residual products are higher and the polydispersities are lower as compared
to the raw material. Within the experimental error of around 5% nearly no difference can
be observed in the molar masses of the products obtained at 100°C and 150°C.
Table 4.3: Comparison of the average molar masses of the products obtained via
procedure no.3 as derived from SEC.
Mass
[g] ([%])
Temperature/
Pressure
[°C]/[mbar]
Mn
[kg/mol]
Mw
[kg/mol]
Poly
dispersity
Raw 255 (100) 1.03 6.30 6.1
Cooling trap 13.9 (10.4) n.d. n.d. n.d.
Distillate 1 35.4 (13.4) 100/1 0.80 1.53 1.9
Residue 1 206 (77.7) 100/1 3.40 10.40 3.1
Distillate 2 43.3 (16.3) 150/1 1.50 2.00 1.3
Residue 2 163 (61.4) 150/1 2.90 11.40 4.1
4.3.4 Viscosimetric characterization
As already mentioned at all three procedures investigated the bulk viscosity of the
hyperbranched polymers was increased. To get quantitative data the polymers were
subjected to dynamical rheology. Figure 4.8 shows the dependence of the complex
viscosity from the shear frequency applied. Five samples were investigated. The
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hyperbranched polyethoxysiloxanes synthesized via triethoxysilanol and via one pot
synthesis using TEOT as catalyst show liquid like behavior as well as the products
obtained from distillation procedure no.1 and no.3. Only the sample obtained from
procedure no.2 (250°C) with a very high viscosity show viscoelastic behavior. In case of
this sample the zero viscosity was determined via extrapolation of the ratio of the loss
modulus G´´ to the shear frequency against zero shear frequency. In case of the samples
showing liquid like behavior the zero viscosity was determined via extrapolation of the
complex viscosity against zero shear frequency.
Figure 4.8: Dependence of the complex viscosity from the shear frequency for different
hyperbranched polyethoxysiloxanes as determined by dynamical rheology. Hyperbranched
polyethoxysiloxane synthesized via the silanol route ( );via the one pot synthesis route
( );via distillation using procedure no.3 (150°C) ( );via distillation using procedure no.1
(130°C) ( ) and via distillation using procedure no.2 (250°C) ( ).
Table 4.4 summarizes the average molar masses and zero viscosities for different
hyperbranched polyethoxysiloxanes and the products obtained via the different distillation
procedures. The products obtained after distillation of low molar mass compounds exhibit
higher viscosities as the raw polymers. The polymers were significant cross-linking
occurred, show higher viscosities as the product obtained using the thin layer short path
distillation device.
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Table 4.4: Zero viscosities and molar masses of different hyperbranched
polyethoxysiloxanes
Polyethoxysiloxane Mn
[kg/mol]
Mw
[kg/mol]
Zero viscosity
[Pa s]
as received via one pot synthesis 1.7 5.2 0.015
as received via triethoxysilanol 1.3 6.5 0.019
product of procedure no.3 2.9 11.4 0.155
product of procedure no.1 3.6 18.0 0.658
product of procedure no.2 6.2 41.0 41800
Figure 4.9: Plot of viscosity against average molar mass (Mn (dotted), Mw (dashed)) of
different polyethoxysiloxanes: hyperbranched polyethoxysiloxane synthesized via the
silanol route ( );via the one pot synthesis route ( ); via distillation using procedure no.3
(150°C) ( ); via distillation using procedure no.1 (130°C) ( ) and via distillation using
procedure no.2 (250°C) ( ). Mn related viscosity data for a commercial ethylsilicate ( )
and data from literature are shown for comparison: fractions obtained from fractional
distillation ( ) [16]; products obtained via reaction of water with tetraethoxysilane using
molar water ratios ranging from 1.06 to 1.5 ( ) [8].
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In Figure 4.9 the values of Table 4.4 are plotted and show the dependence of the zero
viscosity of the hyperbranched polyethoxysiloxanes obtained raw from synthesis and after
the distillation procedures against the molar mass averages obtained from SEC. Literature
data for ethylsilicates obtained via fractional distillation of the product from reaction of a
stoichiometric ratio of tetraethoxysilane and glacial acetic acid are plotted in addition.
[16]
Furthermore calculated dynamic viscosities based on kinematic viscosities of products
obtained via hydrolysis of tetraethoxysilane using molar water ratios ranging from 1.06 to
1.5 
[8]
 and of one commercial product are also plotted. These values are calculated
according to eq.(4.1), taking the specific density of around 1.2 g/cm
3
 for
ethylsilicates
[10,18]
 into account.
 = 	  (4.1)
 dynamic viscosity [1 Poise = 0.1 Pa s = 0.1 kg m
-1 
s
-1
]
 kinematic viscosity [1 Stokes = 1 10
-4
 m
2 
s
-1
]
	 specific gravity [ g cm
-3
]
Taking a look to the experimental data obtained here (Figure 4.9), one can observe an
exponential increase of the viscosity with molar mass regarding the number-average as
well as the weight-average molar mass. An exponential increase of the viscosity with
molar mass is theoretically predicted and observed in the polymerization of AfBg
molecules where A and B denote functionalities reacting with each other forming a
covalent bond AB (f and g are integers with f>1 and g>1).
[19]
 Cross-linked polymers are
produced via such reactions at high conversion rates. Compared to literature data as
derived from fractional distillates of ethylsilicate, the measured data fit quite well in the
molar mass region below 3000 g/mol. Above 3000 g/mol the products obtained here show
higher viscosities. The viscosities of products obtained from hydrolysis of
tetraethoxysilane show also an exponential increase of the viscosity with molar mass,
[8]
although the absolute values are higher than the one obtained here. A similar exponential
increase of the viscosity of ethylsilicates derived from hydrolysis and condensation is
observed with decreasing ratio of ethoxygroups to silicon atoms of the polymers.
[20,21]
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4.3.5 Summary of properties and comparison with literature
A even more detailed view of the properties can be obtained taking a look to the
interdependence of viscosity, number-average molar mass and the ratio of ethoxygroups
to silicon atoms of the polyethoxysiloxanes. This ratio can be easily obtained from the
sum formula derived from silicon and carbon elemental analysis. All polyethoxysiloxanes
regardless their polymerization degree and their molecular structure exhibit a certain ratio
R of Et2O units to silicon dioxide units. This ratio is also a measure for the amount of
internal cross-links or the degree of cyclization, which numbers 1-R. Therefore for a pure
linear or hyperbranched polyethoxysiloxanes having an infinite polymerization degree
this ratio R is 1. For tetraethoxysilane this ratio is 2 and a polyhedralsilsequioxane has a
value of 0.5. Silica itself has no ethoxygroups and therefore this ratio is zero. In Table 4.5
this ratio and other values like silicon content, average molar masses, viscosities and the
degrees of branching of polyethoxysiloxanes derived in this chapter as well as in chapter
3 are summarized. Properties of two commercial polyethoxysiloxanes (ABCR, Karlsruhe,
Germany) and theoretical properties are shown in addition. In column two the silicon
content derived from different methods like silicon and carbon elemental analysis and 
29
Si
NMR are shown. Taking the experimental error of 0.2 wt.-% into account the data of the
silicon content fit quite well among each other. But it has to be mentioned, that if the
polymer exhibits a high degree of cyclization like after vacuum stripping at 250°C the
silicon content derived from 
29
Si NMR is significantly lower as the one obtained from
silicon elemental analysis. This might be due to an underestimation of the amounts of
semidendritic and dendritic groups derived from 
29
Si NMR. In column three the silica
equivalent contents calculated according to equation (4.2) are shown.
wsilica = wSi 
Si
silica
M
M
(4.2)
w weight fraction
M molar mass
Derived from elemental analysis the ratio of R2O to SiO2 of the polymers are shown in
column four. Dynamic Viscosity and the average molar masses of the polymers derived
from SEC combined with universal calibration are given in column seven, five and six
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respectively. In the last column the degree of branching derived from the distribution of
terminal, linear, semidendritic and dendritic units in the foregoing columns is shown.
Figure 4.10: Interdependence of the logarithm of viscosity (z-axes), number-average molar
mass (x-axes) and the ratio R of R2O units to SiO2 units (y-axes) of different
polyethoxysiloxanes. Black filled symbols correspond to data of polyethoxysiloxanes
obtained here (synthesized via the silanol route ( );via the one pot synthesis route ( ); via
distillation using procedure no.3 (150°C) ( ); via distillation using procedure no.1
(130°C) ( ) and via distillation using procedure no.2 (250°C) ( )). Grey filled symbols
correspond to literature data (fractions obtained from fractional distillation ( ) [16];
products obtained via reaction of water with tetraethoxysilane using molar water ratios
ranging from 1.06 to 1.5 ( ) [8] and to one commercial product ( ) (PSI-023, ABCR,
Karlsruhe, Germany). Open symbols are projections of the data to the z-x plane and z-y
plane respectively. Vertical black lines are anchoring lines of the data to the x-y plane. The
dark grey lines denoted with A and B show the dependence of the ratio R with molar mass
calculated for two different model systems (see text for details). Bright grey lines are
guidelines for the eyes.
In Figure 4.10 some of these data like the ratio of Et2O to SiO2 units (y-axes), the number-
average molar mass (x-axes) and the viscosity (z-axes) are plotted together with some
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literature data. Black filled symbols correspond to products obtained here. Grey filled
symbols belong to literature data and to one commercial product (PSI-023, ABCR,
Germany). Open symbols correspond to projections of the data to the z-y plane and z-x
plane respectively. Black anchoring lines to the x-y plane and bright grey lines are drawn
for clarity. The dark grey lines denoted with A and B show the dependence of the
number-average molar mass of the ratio of Et2O to SiO2 units for two model systems. The
line denoted with A correspond to linear and hyperbranched polyethoxysiloxanes having
no cycles and no hydroxygroups. The line B was calculated assuming a degree of
cyclization, which increases with increasing molar mass according to the equations (4.3)
to (4.5). It is difficult to find suitable literature data where all three parameters as plotted
in Figure 4.10 are given. In most of the literature only the silicon contents are given
[11,22]
or a combination of silicon content and viscosity.
[10,20,21]
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DC degree of cyclization
R ratio of Et2O to SiO2 groups (half the ethoxy groups to silicon atoms)
Mn number-average molar mass
DP degree of polymerization
x1,x2 experimental fitting parameters; x1=10, x2=1.8
Two publications describe polyethoxysiloxanes in terms of all three parameters. In the
work of Langkammerer polyethoxysiloxanes are produced via reaction of
tetraethoxysilane with glacial acetic acid. The product obtained was distilled in a efficient
distill and the fractions were characterized according to the silicon content, viscosity and
the number-average molar mass by boiling point evaluation in benzene.
[16]
 These data are
plotted in Figure 4.10 as grey filled right sided triangles ( ). It has been shown that the
products still contain up to five percent of residual acetoxygroups. Therefore in Figure
4.10 the ratio of R2O to SiO2 means not only the ratio of ethoxygroups to silicon atoms
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but in reference to that work also the sum of acetoxy and ethoxygroups to silicon atoms.
In the work of Unger, Schick-Kalb and Straube polyethoxysiloxanes were prepared via
acid catalyzed reaction of tetraethoxysilane with water using water to tetraethoxysilane
ratios of 1.06 to 1.5.
[8]
 These data are plotted in Figure 4.10 as grey filled left sided
triangles ( ). The polymers were characterized according to their number-average molar
mass by vapor pressure osmometry, kinematic viscosities and their ratio of ethoxygroups
to silicon atoms. It has been shown that if the water to tetraethoxysilane ratio exceeds 1.25
the ratio of ethoxygroups to silicon atoms is higher than the one expected theoretically
according to the water to tetraethoxysilane ratio. This means that the products still contain
hydroxygroups having not reacted. For instance the product with the highest viscosity
obtained using a water to tetraethoxysilane ratio of 1.5 should exhibit a R2O to silicon
ratio of 0.5. But experimentally a ratio of 0.635 was determined. This means the polymer
have still 27 % hydroxygroups with regard to the silicon atoms. These hydroxygroups,
which have not reacted, decrease the long term stability of the poylethoxysiloxanes.
Therefore only the polymers obtained using water to tetraethoxysilane ratio not exceeding
1.25 are stable over a period of more than five months.
Taking a look to the data obtained in the work here an exponential increase of the
viscosity with molar mass (z-x plane; as already shown in the previous section - compare
Figure 4.9) and a decrease of the molar ratio of ethoxygroups to silicon atoms can be
observed. In a grand scheme such exponential increase can be also observed taking a look
to the literature data. But the products obtained via hydrolysis and condensation of
tetraethoxysilane exhibit higher viscosities at same molar mass. This can be due to the
residual hydroxygroups, which are still left in the polymer causing a higher viscosity via
hydrogen bonds. The viscosity of products obtained via fractional distillation of the
reaction product of acetic acid with tetraethoxysilane are comparable to the viscosities of
polyethoxysiloxanes obtained via the silanol and the one pot synthesis route in chapter 3,
but are much lower as the viscosities of the products obtained from vacuum stripping in
this chapter. Especially the product having a number-average molar mass of around 4.6
kg/mol, have an around two orders of magnitude lower viscosity as the products obtained
via vacuum stripping here. This must be due to a different molecular structure which can
be explained taking a look to the dependence of the ratio of ethoxygroups to silicon atoms
with molar mass. Great differences between the products obtained in this work and the
products from literature can be seen by taking a look to this dependence. Whereas the
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products from fractional distillation by Langkammerer show a more or less theoretically
predicted dependence (compare line A in Figure 4.10), the other polymers do not. The
products obtained in the work here show a strong decrease of the ratio of ethoxygroups to
silicon atoms with increasing molar mass. This is due to pronounced cross-linking
reactions as longer the polymers are exposed to high temperature and high vacuum
treatment causing tetraethoxysilane to evolve. The therefore higher degree of cyclization
of the products obtained via vacuum stripping here must cause the higher viscosity
compared to distillates obtained from fractional distillation of polyethoxysiloxanes
synthesized via reaction of tetraethoxysilane with glacial acetic acid.
[16]
 The even lower
ratio of ethoxygroups to silicon atoms of products obtained via hydrolysis and
condensation of tetraethoxysilane,
[8]
 can be due to residual hydroxygroups as in the case
of the viscosity dependence with molar mass. Assuming all hydroxygroups have reacted,
the ratio of ethoxygroups to silicon atoms should be even lower, but at the same time the
molar mass should be higher and the viscosity perhaps lower, causing the data to fit better
to the data obtained in this work. The commercial product exhibits a very low viscosity
and molar mass, in addition the ratio of ethoxygroups to silicon atoms is unexpectedly
low.
The interdependence of molar mass, viscosity and the molar ratio R of ethoxygroups to
silicon atoms can be summarized as follows. (i) an exponential increase of viscosity with
increasing molar mass can be observed. This is mainly due to cross-linking reactions and
therefore to the decrease of ethoxygroups compared to silicon atoms using procedures
described in this chapter or using high molar water ratios in the acid catalyzed hydrolysis
and condensation reaction of tetraethoxysilane. (ii) polyethoxysiloxanes obtained as
distillates from distillation of the reaction product of tetraethoxysilane with acetic acid fit
to the best degree to the theoretical predicted dependence of molar mass with the ratio of
ethoxygroups to silicon atoms.
[16]
 Nevertheless these products contain still acetoxygroups
up to five percent. (iii) products from hydrolysis and condensation of tetraethoxysilane
still contain to an high extend hydroxygroups at least if the water to tetraethoxysilane ratio
exceeds 1.25. This hydroxyl group content is higher as higher the initial ratio of water to
tetraethoxysilane. Using low ratios of water to tetraethoxysilane high molar mass products
cannot be obtained without further treatment (iv) the polymers obtained here exhibit a
more or less cross-linked molecular structure. Nevertheless the products are soluble in
organic solvents and there viscosity can be tuned over 5 orders of magnitude. Ongoing
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with the increase of viscosity the silica equivalent content of the polymers increase too.
(v) nevertheless the quite good characterization using viscosity, number-average molar
mass and the ratio of ethoxy to silicon, the degree of branching of the
polyethoxysiloxanes is an essential information concerning the molecular structure, but is
influenced by the variation in the degree of cyclization.
Therefore four parameters are needed for a sufficient characterization of
polyethoxysiloxanes: (i) the ratio of ethoxygroups to silicon atoms or respectively the
degree of cyclization (ii) the molar mass distribution or at least the number and weight-
average molar mass (iii) the degree of branching and (iv) the viscosity. Further
information should be given if the polymers still contain acetoxy- or hydroxy groups.
4.4 Conclusion
Three different procedures for stripping of hyperbranched polyethoxysiloxane were
investigated. It was shown by 
29
Si NMR, SEC, TGA and dynamical rheology that low
molar mass compounds can be removed very effectively using a thin layer short path
distillation device. Methods like normal vacuum distillation at higher temperatures where
the polymers stay for prolonged time at high temperatures result in cross-linking
reactions, while at least tetraethoxysilane evolves. Using such methods the molar mass
and the viscosity can be increased very effectively, but the molecular structure changes
also due to that cross-linking reactions. Nevertheless all products obtained were soluble in
organic solvents. Therefore stripping of polyethoxysiloxane is a versatile tool to further
decrease the amount of volatile compounds in the polymer together with the option to
increase the viscosity up to 5 orders of magnitude and to increase the silica equivalent
content up to 59 wt.-%.
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Chapter 5
Hyperbranched polyorganoalkoxysiloxanes
5.1 Introduction
So far in this work only tetraethoxysilane was used as starting compound for
hyperbranched polyalkoxysiloxanes. Polycondensation of the AB3 type monomers
triethoxysilanol or acetoxytriethoxysilane result in hyperbranched polymers as shown in
Chapter 3. Also the reaction of tetraethoxysilane with acetic anhydride using tetraethyl
orthotitanate as catalyst without purification of the acetoxytriethoxysilane gives
hyperbranched polyethoxysiloxane in quantitative yields. Prolonged thermal treatment of
polyethoxysiloxane in vacuum results in inter- and intramolecular cross-linking under
evolution of tetraethoxysilane and an increase in molar mass and viscosity of the
polymers.
In this chapter the synthesis and characterization of polyorganoalkoxysiloxanes and
polydimethoxysiloxane will be described. It will be shown that the reaction of
organotrialkoxysilanes with acetic anhydride results in hyperbranched polymers.
Furthermore a method for post modification of polyethoxysiloxanes with acetoxygrous
will be described. The synthesized polymers were characterized using 
1
H, 
13
C and 
29
Si
NMR to determine the molecular structures. To investigate the molar mass distribution
size exclusion chromatography (SEC) was used.
As in the case of polyethoxysiloxanes much effort was afforded in the past to synthesize
polymethoxysiloxanes. The main reaction pathway is the reaction of water with
tetramethoxysilane (TMOS) using different stoichiometric ratios and acidic or basic
catalysts in alcohol as solvent. Gels are produced using molar water to TMOS ratios of 2
and higher.
[1-3]
 Liquid products soluble in organic solvents are obtained using water to
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TMOS ratios varying from 0.75 to 1.3.
[4-12]
 Such products are called ´methylsilicates´.
Depending on the silica equivalent content of the products they are called for instance
methylsilicate 51, which means this product has a silica equivalent content of 51 wt.-%.
As in the case of ethylsilicates (see Chapter 3) ratios below 1 result in oligomeric
products. Slightly higher molar mass products are obtained via increasing the ratio of
water to TMOS. Nevertheless all these products still contain hydroxygroups as can be
seen via infrared spectrometry or 
29
Si NMR.
[5]
 These hydroxygroups cause the products to
change their properties with storage time.
[4]
 But not only water can be used for reaction
with TMOS. Also formic acid in a 1:1 stoichiometric ratio gives ´methylsilicates´.
Methanol and formic acid methyl ester are formed as byproducts in this reaction in a 1 to
1 mass ratio, consistent with the assumption of the intermediate occurrence of an AB3
type monomer like trimethoxysilaneformate.
[12]
Beside of the synthesis of ´ethyl- and methylsilicates´ using TEOS and TMOS as
precursors yielding silica after complete hydrolysis and condensation also
polyorganoalkoxysiloxanes like polymethylmethoxysiloxane and
polymethylethoxysiloxanes can be synthesized using water based sol-gel chemistry.
[13]
Using molar water to triethoxymethylsilane ratios of 0.5 oligomeric products with a
polymerization degree up to 5 are obtained.
[14]
 Increase of this ratio to 0.75 results in 10
wt.-% of a gelated product and a liquid containing 80 wt.-% oligomers up to a
polymerization degree of 6. Further increase of the molar water ratio to 1.5 results in 30
wt.-% gel and after distillation of the liquid at 120°C further 30 wt.-% gel was
obtained.
[15]
 Nevertheless other workers report no gel formation up to ratios of 1.3 using 3
molar quantities of hydrogen chloride as catalyst.
[16]
 Hydrolysis using a three molar ratio
of water results in virtually complete gelation.
[17]
 Beside of gel-like products also
octamethylpolysilsequioxanes can be produced using elaborated reaction conditions,
which do not contain alkoxy groups anymore. Beside of the use of methyltrialkoxysilanes,
also other organotrialkoxysilanes like ethyltriethoxysilane can be used for hydrolysis and
polycondensation reactions.
[18]
 The degree of polymerization and the degree of
cyclization depends as in the case of methyltrialkoxysilanes of the ratio of water to silane
compound used. High amounts of polymethylethoxysiloxanes can be produced via
polymer analogous reaction of already synthesized polymers with methylchlorosilane in
the present of certain amounts of water and ethanol. Using specific reaction conditions
polymers can be produced having the same properties as the initially applied polymer.
[19]
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The properties of polyorganoalkoxysiloxanes correspond to their molecular constitution.
Moisture curable reactive functional alkoxy groups and hydrophobic alkyl groups or
polymerizable groups like silane, vinyl, amino, methacrylic or glycidyloxy groups gives
rise to applications were the hardness of silica combined with in case of alkylgroups their
hydrophobicity is demanded for instance in hydrophobizing artifical stone work.
[16,20,21]
Inorganic-organic hybrid coatings, where the siliconoxide phase is covalently linked to
the organic phase can be achieved using methacrylic functionalized
polyorganoalkoxysiloxanes.
[22]
 Copolymerization via hydrolysis and condensation of a
mixture of octyltriethoxysilane and tetraethoxysilane yields coatings for chromatographic
columns.
[23]
 Another growing field of application for polyorganoalkoxysiloxanes is the
use as precursors for low dielectric constant materials in ultra large integrated circuits. In
the past mainly silica deposited via chemical vapor deposition and plasma enhanced
methods were used. But the still ongoing decrease in space between the electrical units in
an integrated circuit demands for materials having even lower dielectric constant. The use
of nanoporous silica was suggested for that purpose, because the air in the pores decrease
the dielectric constant. Beside of the use of xerogels made from conventional TEOS based
sol-gel chemistry or the use of octahydrogen- or octamethylpolysilsequioxane
[24,25]
 also
polyorganoalkoxysiloxanes 
[26,27]
 can possibly fulfill these demands. Moisture curing of
polyorganoalkoxysiloxane gives rise to cross-linked hard coatings, whereas the organic
groups act as templates for pores after thermal treatment, resulting in nanoporous silica
films. Another interesting and surprising property of alkoxysilane based sol-gels
synthesized using carboxylic acids is photoluminescence and photophosphorescence of
the dried xerogels. For instance reacting TMOS with a three molar quantity of formic acid
and carefully drying and heating the xerogel to 400°C result in very strong
photoluminescence with an emission maximum between 450 and 600 nm and is attributed
to defects in the silica network filled with carbon atoms.
[28]
5.2 Experimental
5.2.1 Materials
Methyltriethoxysilane (98%, ABCR), tetramethoxysilane (98% ABCR), heptadecafluoro-
(1,1,2,2,)-tetrahydrodecyltriethoxysilane (purum, ABCR), triethoxysilylpropylamin (for
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synthesis, Merck), vinyltriethoxysilane (ABCR), tetraethyl orthotitanate (TEOT)
(technical, Aldrich, contains approximately 20 mol-% tetraisopropyl orthotitanate) and
acetic anhydride (puriss, Fluka) were used without purification. sodium hydroxide
(Merck, p.a.) was milled by use of a hammer mill (Framo Gerätetechnik, Eisenach,
Germany) under dry argon atmosphere. Argon 4.6 (MIT, Elchingen, Germany) was dried
over a 5x50 cm column filled with diphosphorous pentoxide. Toluene (technical grade)
was dried over lithium aluminum hydride (Merck) and distilled under argon atmosphere.
For calibration of the SEC system narrow distributed linear polystyrene and polyisoprene
samples (PSS, Mainz) were used. All filtration steps were performed with an inert gas frit
(pore size n
o
4).
5.2.2 Methods
MALDI-TOF mass spectrometry was carried out on a Bruker Reflex 3 mass spectrometer
operating in linear and reflecting mode. The spectrometer was equipped with a nitrogen
laser (337 nm). The laser steps and voltages applied were adjusted as a function of the
polymer molar mass s and molar mass  distribution as well as the nature of the different
molecular compositions. Experiments performed in reflecting mode improved the
resolution compared to linear mode. The solvent used for the matrix (3,'-Indole acrylic
acid) was tetrahydrofurane (THF, p.a.Merck). The solvent for the polymer was
Chloroform (p.a.Merck). Both solvents were dried by boiling with lithium aluminum
hydride and subsequent distillation. The matrix (5 mg) was dissolved in 1 mL of THF.
The concentration of polymer samples was 1 mg/mL. The matrix solution (20 μL) and the
sample solution (20 μL) were mixed well, and then 1 μL of the resulting solution was
loaded onto a single well of a MALDI stainless steel plate and dried before inserting into
the vacuum chamber of the MALDI instrument.
Molar mass distributions were obtained from analytical SEC with THF (p.a., Merck) as
solvent at a flow rate of 1.5 mL/min. The setup consisted of Waters μ-Styragel columns
with nominal pore sizes of 10
6
, 10
5
, 10
4
,10
3
 and 500 Å and a guard column. Sample
detection was performed by Waters 410 differential refractometer serially connected with
an evaporative light scattering detector (PL-ELS-1000, polymer laboratories). For
analyzing samples with the evaporative light scattering detector (ELS detector ) 20 μL
sample volume was injected. For analyzing samples with the refractive index detector 50
μL sample volume was injected. The sample concentration was 40 mg/mL. The system
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was calibrated with narrow dispersed linear polystyrene samples (PSS Mainz). In case of
polyethoxysiloxanes and polyacetoxyethoxysiloxanes calibration was done via the
universal calibration curve derived in chapter 3. For fluorinated samples a different setup
was used. It consisted of two Waters 5μ SDV lin.XL-Styragel columns and a guard
column. Freon was used as solvent using a flow rate of 1 mL/min. Sample detection was
performed by Waters 410 differential refractometer serially connected with an
evaporative light scattering detector (PL-ELS-1000, polymer laboratories). For analyzing
samples 5 μL sample volume was injected. The sample concentration was 20 mg/mL.
Narrow dispersed linear polyisoprene samples (PSS Mainz) were used for calibration.
1
H NMR and 
13
C NMR spectra were obtained using a Bruker DRX 400 NMR
spectrometer operating at 400 MHz decoupler and 100 MHz transmitter frequency using
5 wt.-% chloroform-d (99.8% deutero GmbH) solutions. For 
29
Si NMR spectra
acquisition a Bruker AMX 500 NMR spectrometer operating at 500 MHz decoupler and
100 MHz transmitter frequency was used. The 
29
Si NMR spectra were recorded at room
temperature performing 2000 scans with a pre-scan-delay of 12.5 sec using 20 wt.-% in
toluene-d8 (99.5% deutero GmbH) solutions containing 0.015 mol/L
chromium(III)acetlyacetonate (purum, Fluka) as a paramagnetic relaxing agent.
Tetramethylsilane (puriss, Fluka) was used as internal standard. The spectra were
flattened by numerically subtraction of a baseline, recorded using pure solvent as sample.
Elemental analysis was performed using a Heraeus CHNO Rapid Analyzer for carbon and
hydrogen contents. Silicon analysis was performed at the INEOS institute of organo-
element compounds (Russian academy of science, Russia).
Infrared spectra were measured with a Bruker IFS 66V vacuum spectrometer using KBr
pellets in case of solids and KBr plates in case of liquid samples.
5.2.3 Synthesis
Synthesis of hyperbranched polymethylethoxysiloxane
82.2 g (0.46 mol) methyltriethoxysilane (ABCR) were heated with 47.1 g (0.46 mol)
acetic anhydride (puriss, Merck) and 1.05 g (0.0046 mol) TEOT (technical, Fluka) at
135°C oil bath temperature in a 250 mL three necked flask equipped with a dephlagmator
(NS29, 30 cm) and a distillation bridge with inlet for nitrogen, thermometer and drying
tube filled with silica gel under vigorous stirring with an magnetic stirrer. During the
reaction 75 g (0.85 mol, 92.4% of theory.) acetic acid ethyl ester were removed by
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distillation. Figure 5.1 shows the temporal evolution of the distilled amount of acetic acid
ethyl ester. Additional 4.8 g (0.055 mol, 6.0% of theory) distillate can be removed in
vacuum at 18 mbar and 80°C oil bath temperature using a rotational evaporator. The yield
was 50.5 g (theory 47.8 g) polymethylethoxysiloxane as yellowish, oily and slightly
turbid liquid. The turbidity vanished after three days of storage at room temperature. The
molar mass distribution was analyzed via SEC using THF as eluent and narrow dispersed
linear polystyrene calibration standards.
1
H-NMR (CDCl3, 400 MHz): (ppm) = 3.80 (broad, 2.0H), 1.21 (broad, 3.0H), 0.14
(broad, 3.2H); IR (liquid): 450, 581, 719, 775, 956, 1081, 1268, 1392, 1444, 1486, 1563,
2740, 2772, 2886, 2930, 2980; 
13
C-NMR (CDCl3, 100.6 MHz): (ppm) = 58.26, 58.09,
57.86, 18.44, 18.20, 18.17, -2.98, -3.25, -4.27, -4.54, -5.60, -7.10; 
29
Si-NMR (toluene-d8,
99.4 MHz): (ppm) = -43.6, -51.1, -57.9, -59.1, -64.3, -65.7, -67.3
Elem. Anal.: Found C 34.44, H 7.47, Si 27.59
Elem. Anal. acc. to 
29
Si NMR: Found C 33.90, H 8.02, Si 27.99
(SiO(OEt)(Me))n (104.18)n : Calcd. C 34.59, H 7.74, Si 26.96
((CH3SiO(OEt))15(CH3SiO1.5))n (1629.8)n : Calcd. C 33.90, H 7.61, Si 27.57
Figure 5.1: Dependence of the ratio of distilled amount of acetic ethyl ester to theoretical
amount in mol-% during the synthesis of hyperbranched polymethylethoxysiloxane with
reaction time.
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Synthesis of hyperbranched
polyheptadecafluoro-(1,1,2,2,)-tetrahydrodecylethoxysiloxane
6.1 g (0.01 mol) heptadecafluoro(1,1,2,2)tetrahydrodecyltriethoxysilan were mixed
together with 1.02 g (0.01 mol) acetic anhydride and 0.023 g (0.0001 mol) TEOT and
heated at 135°C for 16 h. After 2 h a little amount of white solid is formed , which
vanishes during further reaction. During the reaction 1.25 g (0.014 mol, 70% of theory)
acetic acid ethyl ester can be removed via distillation using a dephlagmator (NS14, 10
cm) equipped with a distillation bridge and drying tube. Although the educts are not
miscible, one gets 5.2 g of an  homogenous product as a brownish and oily substance.
Treatment of this substance in an oil pump vacuum for 2 h at 1mbar yield another 0.4 g
(0.0046 mol, 23% of theory) acetic acid ethyl ester. 
1
H NMR and 
29
Si NMR Spectra were
recorded in Freon/Deuterochloroform mixtures (4:1 and 2:1 respectively) as solvents. The
molar mass distribution was analyzed using SEC, freon as eluent and narrow dispersed
linear polyisoprene samples as calibration standards.
1
H-NMR (CDCl3, 400 MHz): (ppm) = 3.86 (broad, 2.00 H), 3.69 (q, 0.08 H), 2.19 (very
broad, 1.74 H), 1.25 (broad, 3.09 H), 0.93 (very broad, 1.74 H); IR (liquid): 463 ,531,
560, 657, 705, 723, 741, 783, 810, 873, 896, 968, 1079, 1150, 1246, 1321, 1367, 1393,
1424, 1446, 2896, 2937, 2985; 
13
C-NMR (200 mg/mL in 1,3-bis(trifluoromethyl)benzol
and CDCl3 (3:1 by volume), 125.77 MHz, 1500 Scans): (ppm) = 126.9, 122.1, 199.8,
117.5, 114.9, 112.3, 110.1, 107.6, 68.8, 60.04(sh), 59.8 (m), 59.3, 26.7(sh), 26.5, 26.3(sh),
18.9, 18.8(sh), 18.7, 4.6 (broad), 3.7, 3.2, 2.6; 
29
Si-NMR (66.6 vol.-% freon in CDCl3,
99.4 MHz): (ppm) = -49.4, -54.3, -60.2, -61.5, -67.7.
Elem. Anal.: Found C 27.75, H 1.95, Si 5.47
Elem. Anal. acc. to 
29
Si NMR: Found C 27.40, H 1.79, Si 5.25
((SiO(OEt)(C2H4C8F17))n (536.26)n : Calcd. C 26.88, H 1.69, Si 5.24
Synthesis of hyperbranched polyvinylethoxysiloxane
57.0 g (0.3 mol) vinyltriethoxysilane were heated with 30.6 g (0.3 mol) acetic anhydride
and 0.68 g (0.003 mol) TEOT at 135°C oil bath temperature in a 100 mL three necked
flask equipped with a dephlagmator (NS14, 30 cm) and a distillation bridge with inlet for
nitrogen, thermometer and drying tube filled with silica gel under vigorous stirring with
an magnetic stirrer for 15 h. During the reaction 43.2 g (0.49 mol, 81.8% of theory) acetic
acid ethyl ester were removed by distillation leaving a slightly turbid brownish residue.
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Additional 7.5 g (0.085 mol, 14.2% of theory) distillate can be removed in vacuum at 1
mbar and 40°C oil bath temperature using a rotary vane vacuum oil pump. The residue
(35.75 g; theory 35.5 g) was filtered using a inert gas frit (pore size 3) giving 0.15 g white
solid (after washing the solid with hexane and drying at 40°C 1 mbar) and 33.46 g (94%
of theory) reddish liquid polymer. The molar mass distribution was analyzed via SEC
using THF as eluent and narrow dispersed linear polystyrene calibration standards. For 
1
H
NMR measurement dibromoethane as internal standard was used.
1
H-NMR (CDCl3, 400 MHz): (ppm) = 5.99 (broad, 3.0H), 3.81 (broad, 1.93H), 1.20
(broad, 2.94H); IR (liquid): 3061, 2978, 2929, 2889, 1929, 1602, 1444, 1409, 1277, 1077,
1011, 965, 787, 687, 617, 547; 
13
C-NMR (CDCl3, 100.6 MHz): (ppm) = 136.99, 136.42,
135.95, 135.51, 131.29, 130.69, 130.13, 129.41, 58.44, 29.52; 
29
Si-NMR (CDCl3, 99.4
MHz): (ppm) = -58.44, -66.10, -66.30, -66.53, -72.79, -73.15, -74.30, -79.56, -81.12, -
82.60
Elem. Anal.: Found C 41.07, H 6.88, Si 24.29
Elem. Anal. acc. to 
29
Si NMR: Found C 40.91, H 6.83, Si 24.58
(SiO(OEt)(CHCH2))n (116.19)n : Calcd. C 41.35, H 6.94, Si 24.17
({SiO[(OEt)(CHCH2)]}27{SiO(CHCH2)O1/2})n (3216.26)n :
Calcd. C 41.08, H 6.86, Si 24.45
Synthesis of hyperbranched polyaminopropylethoxysiloxane
44.4 g (0.2 mol) aminopropyltriethoxysilane were dissolved in 100 mL toluene in a 250
mL three necked flask equipped with a thermometer and a gas inlet for argon. While
flushing the flask with argon 8 g (0.2 mol) pulverized sodium hydroxide was added
during half an hour under vigorous stirring with an magnetic stirrer, so that the
temperature stayed below 35°C. The mixture was heated to 40°C and stirred for two hours
until all solid sodium hydroxide was vanished. Evaporation of all volatile components
first with an rotational evaporator then with a rotary vane oil pump yielded 42.9 g solid
residue (theory 42.8 g). The solid residue was dissolved in 100 mL toluene yielding a
slightly turbid solution. The mixture was dropped to a solution of 12 g (0.2 mol) acetic
acid dissolved in 200 mL toluene at 4°C raising the temperature to 10°C while stirring the
mixture with a magnetic stirrer. After allowing the mixture to stand over night at 4°C, the
white precipitate evolved during reaction was filtered off and dried, yielding 20 g solid
byproduct (theory 16.4 g sodium acetate). Evaporation of all volatile components of the
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still slightly turbid filtrate at 40°C and 1 mbar yielded 22.5 g liquid residue (theory 29.5
g).
Elem. Anal. acc. to 
29
Si NMR: Found C 39.51, H 8.65, N 10.02, Si 20.01
((SiO(OEt)(C3H6NH2))n (147.25)n : Calcd. C 40.78, H 8.90, N 9.51 Si 19.07
((SiO1,5)(OEt2)0.4(C3H6NH2))n (139,84)n : Calcd. C 39,49, H 8.58, N 10.01 Si 20.08
1
H-NMR (CDCl3, 400 MHz): (ppm) = 3.81(broad, 2H), 2.68(broad, 2.38H), 1.55(broad,
2.45H), 1.29(broad, 2.13H), 1.21(broad, 3.06H), 0.64(broad, 2.43H); 
13
C-NMR (CDCl3,
100 MHz): (ppm) = 58.20, 58.04(sh), 57.99(sh), 57.30, 45.09, 44.96, 44.85(sh),
27.30(sh), 27.26, 27.22(sh), 18.31, 18.28(sh), 18.23(sh), 18.20(sh), 18.17(sh),
10.66(broad), 9.85(broad), 9.83(broad), 9.48, 9.42, 9.37, 9.31, 8.73, 7.57; 
29
Si-NMR
(toluene-d8, 99.4 MHz): (ppm) = -45.06, -52.93, -58.73, -58.89, -59.12, -59.23, -59.67, -
59.76, -60.93, -65.22, -67.91. IR (liquid): 442, 598, 694, 791, 858, 960, 1067, 1126, 1230,
1297, 1390, 1442, 1592, 1665, 1882, 2741, 2927, 2973, 3286, 3368.
Synthesis of hyperbranched polymethoxysiloxane without catalyst
15.2 g tetramethoxysilane (0.1 mol) were heated with 10.2 g (0.1 mol) acetic acid
anhydride at 120°C oil bath temperature for 8 h. During the reaction 5.6 g (0.076 mol)
acetic acid methyl ester were distilled off. After removal of all volatile components up to
160°C at 3 mbar, 2.6 g polymer (25% of theory) was left as residue.
1
H NMR (toluene-d8; 500 MHz) (ppm) = 3.64 (71H, broad); 1.85 (29H, broad)
13
C NMR (toluene-d8; 100 MHz) (ppm) = 169.15, 168.69, 52.25, 51.74, 51.17, 21.87
29
Si NMR (toluene-d8; 99.4 MHz) (ppm) = -82.82, -85.86 (m), -90.89 (m), -94.22 (m), -
99.82 (br), -103.13 (br)
Elem. Anal. acc. to 
29
Si NMR: Found C 26.69, H 5.52, Si 21.90
(SiO[OCH3]2)n (106.15)n : Calcd. C 22.63, H 5.70, Si 26.45
(SiO[(OCOCH3)0.29(OCH3)0.71]2)n (122.56)n :Calcd. C 25.34, H 4.93, Si 22.91
Synthesis of hyperbranched polyacetoxyethoxysiloxane
4.32 g polyethoxysiloxane as synthesized via the silanol route (Chapter 3) (0.057 mol
ethoxygroups according to the sum formula [SiO(OEt)2]5.2[SiO2] and 22.96 wt.-% silicon
content as derived from elem. anal.) were mixed with 10.2 g (0.1 mol) acetic anhydride in
a two necked 25 mL flask equipped with 10 cm dephlagmator, a distillation bridge and a
drying tube filled with dry silica gel. The mixture was heated for 48 h at 137°C, while
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stirring with an magnetic stirrer. 3.66 g (0.042 mol, 70% of theory) of acetic ethyl ester
evolved during reaction were removed by distillation. All further volatile products were
removed using vacuum distillation. 4.3 g of a brownish polymer were received as residue.
After taking sample for elemental analysis, the polymer was dissolved in toluene (33 wt.-
% polymer) and stored in a refrigerator.
29
Si NMR (toluene-d8; 99.4 MHz) (ppm) = -89.59, -93.60 (br), -97.48 (br), -101.40 (br),
-104.95 (br), -109.41 (br); 
1
H-NMR (CDCl3, 400.1 MHz): (ppm) = 10.83 (0.9H), 3.94
(29H) (br), 2.23 (2H), 2.11 (57H) (br), 1.23 (43H) (br); 
13
C-NMR (CDCl3, 100.6 MHz):
(ppm) = 168.80 (br), 60.11 (br), 22.23 (br), 17.64 (br); IR (CCL4): 470, 757(solvent),
791(solvent), 952, 1024, 1106, 1162(sh), 1257, 1371, 1400, 1647, 1715, 1750, 2902,
2930, 2979, 3140(br), 3317(br); 
1
H NMR (CDCL3; 400MHz) (ppm) = 3.94 (28H,
broad); 2.11 (57H, broad); 1.23 (43H, broad). Elem. Anal.: Found Si 24.26;
{SiO((OCOCH3)0.57(OCH2CH3)0.43)2]1.6[SiO2]}n (299.9)n : Calcd. Si 24.27
5.3 Results and Discussion
The synthesized polymers were characterized according to their molecular structure via
NMR and their molar mass distribution via SEC. Each class of polymer will be discussed
in a separate section.
5.3.1 Hyperbranched Polymethylethoxysiloxane
The molecular structure of the polymer was investigated by NMR. Figure 5.2 shows the
29
Si spectrum of the synthesized polymethylethoxysiloxane and the part of 
13
C NMR
spectrum belonging to the methyl groups directly attached to the silicon atoms. As can be
seen both parts of the different spectra look quite similar and therefore only the 
29
Si NMR
spectrum will be discussed in detail, because of the better signal to noise ratio. The
spectrum can be divided into the educt peak belonging to triethoxymethylsilane (labeled
with the letter a at -43.57 ppm)
[29]
 and three other peakgroups. Each of it belongs to a
different molecular subunit of the polymer. As expected for a hyperbranched polymer
synthesized via a AB2 monomer, terminal, linear and dendritic subunits can be observed.
The following assignment of the peaks is based on 
29
Si NMR data of products derived
from hydrolysis and condensation of methyltriethoxysilane.
[13,30]
 The peak group labeled
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with the letter b at –51.12 ppm belongs to terminal units having two ethoxygroups, one
methyl group and one neighboring silicon atom linked by oxygen.
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Figure 5.2: 
29Si NMR (left) and 13C NMR spectrum (right) of hyperbranched
polymethylethoxysiloxane. The 13C NMR spectrum shows the signals of the methyl groups
directly attached to the silicon atoms. The peaks are labeled from a to f corresponding to
the different molecular building blocks shown at the top. The grey lines show the integral of
each spectrum respectively.
The peakgroup labeled with the letters c and d consists of two peaks at –57.88 and –59.07
ppm. The corresponding silicon atoms exhibit one ethoxygroup, one methyl group and
two neighboring silicon atoms linked via oxygen. This peakgroup belongs therefore to
linear subunits of the polymer. The peakgroup belonging to dendritic subunits, which
means the corresponding silicon atoms have no ethoxy groups, but three siloxane - and
one methyl group, can be divided into three different peaks labeled with the letters e, f
and g at –64.30, -65.76 and –67.33 ppm respectively. This assignment is in good
agreement with the 
29
Si NMR shift of for instance tris(trialkylsilyloxy)methylsilanes
having signals between –65 to –66.2 ppm.
[31]
 The different subunits of the polymer are
drawn schematically at the top of Figure 5.2 for clarity. As in the case of the
polyethoxysiloxane polymers described in chapter 3 and 4, some of the peak groups in
Figure 5.2 have as already mentioned downfield shifted side peaks or peak shoulders,
labeled with the letters c, e, and f. These shoulders belong to silicon atoms in cyclic
environment as shown by many other workers.
[11,32-36]
 In Figure 5.3 three possible
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molecular buildings blocks having such silicon atoms are drawn schematically. At the left
side a cyclic structure having two linear as well as two dendritic silicon atoms is drawn.
The silicon atoms are labeled with the same letters as in the NMR spectra of Figure 5.2.
Therefore the silicon atoms labeled with for instance the letter c show NMR resonance’s
at –57.88 ppm. The small peak shoulder of the dendritic peakgroup labeled with the letter
e at –64.30 ppm can be explained by the occurrence of annealed rings as indicated in the
middle of Figure 5.3 (see also chapter 3). Two annealed rings are drawn there
schematically. The dendritic silicon atoms labeled with the letter e belong to two eight
membered rings and are in a even more constraint molecular environment compared to
the silicon atoms labeled with f, which only belong to one ring. This molecular
confinement causes the more pronounced NMR downfield shift of such silicon atoms.
This explanation is however not confirmed by investigations of the 
29
Si NMR solid state
chemical shift of the silicon atoms in a polyhedral octa(methylsilasesquioxane) having the
molecular structure depicted at the right side of Figure 5.3. A chemical shift of –66.1 ppm
and –66.8 ppm is observed there.
[37]
 The splitting is due to two different environments of
the silicon atoms caused by an rhombohedral distortion of the silicon oxygen framework
in the crystalline material. However this chemical shift is higher as the chemical shift of –
64.3 ppm proposed for silicon atoms in polycyclic environment here. This deviation
might be due to the solid state based measurement of the chemical shift in the study
described there. Regarding the 
13
C NMR chemical shifts a similar deviation can be
observed.
Sif Sic
Sic Sif
Sif
Sic Sie
Sie
Sif
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O1/2
O1/2
O1/2
O1/2
Si
Si Si
Si
Si Si
SiSi
Figure 5.3: Schematic drawing of two possible cyclic molecular building blocks in
hyperbranched polymethylethoxysiloxane (left and middle) and of polyhedral
octa(methylsilsequioxane) (right). The silicon atoms are labeled with c,e and f as they
belong to the peakshoulders of the 29Si NMR in Figure 5.2 labeled with the same letters.
Each bond between two silicon atoms contains also one oxygen atom. All free silicon
valencies are occupied by at least one methyl group or an ethoxygroup in addition.
The polyhedral octa(methylsilasequioxane) shows a solid state NMR chemical shift of the
methyl carbon atoms of –4.5 and –4.2 ppm.
[37]
 In the case here dendritic silicon atoms
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having one methyl group and three neighboring silicon atoms exhibit a chemical shift in
the range of –2.95 ppm to -3.54 ppm (compare Figure 5.2 right side; peaks labeled with
e,f and g), whereas a chemical shift of –4.25 ppm is caused here by silicon atoms in linear
environment. Similar as in the case of the hyperbranched polyethoxysiloxane polymers
the amount of internal cross-linking can be quantitatively described by the molar ratio of
ethoxygroups to methylgroups (or silicon atoms) as derived from (i) 
1
H NMR, (ii) 
29
Si
NMR using above assignments of the different peakgroups and (iii) from elemental
analysis (see column 2 in Table 5.1).
Table 5.1: Amount of internal cross-links and degree of branching of
polymethylethoxysiloxane as derived via different methods
Molar ratio of
ethoxygroups
to silicon
atoms 
a
Rel. amount
of terminal
units
T [%]
Rel. amount
of linear
units
L [%]
Rel. amount
of dendritic
units
D [%]
Degree of
branching
acc.
eq.(5.2)
Silicon EA 0.94 n.d. n.d. n.d. n.d.
1
H NMR 0.94 n.d. n.d. n.d. n.d.
29
Si NMR 0.92 19.9 48.8 30.7 0.56
13
C NMR 0.96 21.2 51.6 27.7 0.52
Calculated
 b
1 25 50 25 0.50
a or methyl groups respectively
b assuming same reactivity of the different units for coupling of new monomer, no cyclization
reactions.[38]
This value is related to the degree of cyclization. Defining the degree of cylization as the
molar amount of internal cross-links to the molar amount of silicon atoms, the degree of
cyclization can be calculated from the molar ratio of ethoxy to methylgroups (or silicon
atoms). Each polymer molecule linear as well as branched exhibits the sum formula
(CH3SiO1.5)(O0.5C2H5)R, where R depends on the degree of cyclization which numbers 1-
R (eq.(5.1)).
R1DC 
R: molar ratio of alkoxy groups to silicon atoms
(5.1)
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For instance for a pure linear or hyperbranched molecule (assuming infinite degree of
polymerization) R number 1 and the degree of cyclization is zero. For
octamethylpolysilsequioxane R number 0 and therefore the degree of cyclization is 1.
Calculating the degree of cyclization from the molar ratios of ethoxygroups to silicon
atoms in column 2 of Table 5.1 and neglecting the value derived from 
13
C NMR, because
of the bad signal to noise ratio, the polymer exhibit a sum formula of
(CH3SiO1.5)(O0.5C2H5)0.94. The degree of cyclization is therefore 0.06. The sum formula
can be transformed into (CH3SiO(OEt))16(CH3SiO1.5) giving in average one cross-link
more per 17 silicon atoms compared to theory. As in the case of the polyethoxysiloxane
polymers synthesized in chapter 3 the degree of branching of the
polymethylethoxysiloxane polymer can be calculated according to eq. (5.2) knowing the
relative amounts of terminal, linear and dendritic units of the polymer.
[38]
LD2
D2
R
R
DB


max
(5.2)
There the degree of branching is considered as the ratio of the amount of growing
directions R in a polymer molecule to the maximum number of possible growing
directions Rmax. The letter L in eq. (5.2) denotes the relative amount of linear units,
whereas the letter D denotes the one of the dendritic units. The results for
polymethylethoxysiloxane as shown in the last column of Table 5.1 are higher as the
value derived from theory. This is due to the internal cross-links, which cause in the case
here the relative amount of terminal units to decrease, whereas the relative amount of
dendritic units increase and therefore also the degree of branching. An estimate for the
molar mass distribution was derived from SEC using THF as eluent (Figure 5.4).
Calibration was performed using narrow distributed linear polystyrene samples. Two
different detectors were used for monitoring the concentration trace. As in the case of the
polyethoxysiloxanes discussed in chapter 3, the refractive index detector (dotted line)
shows a negative peak in the low molar mass region. A similar increase of the refractive
index with molar mass was also observed, while investigating linear
oligo(methylethoxysiloxanes).
[14]
 Therefore the ELS signal (solid line) was used for
evaluation of the average molecular masses. Corresponding to this signal the number-
average molar mass is 1.5 kg/mol and the weight-average is 94 kg/mol. These values are
derived from calibration with linear polymers, therefore it can be assumed that as in the
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case of the polyethoxysiloxanes discussed in chapter 3 the true molar mass of
polymethylethoxysiloxane is higher, because of the hyperbranched nature of this polymer.
Figure 5.4: Molar mass distribution of polymethylethoxysiloxane as derived from SEC and
calibration with linear narrow dispersed polystyrene samples.
5.3.2 Hyperbr. Polyheptadeca-(1,1,2,2,)tetrahydrodecylethoxysiloxane
In a similar approach heptadeca-(1,1,2,2,)-tetrahydrodecyltriethoxysilane was used as
starting compound. As in the case of methyltriethoxysilane it was possible to obtain a
polymeric material via TEOT catalyzed reaction with acetic anhydride. But differing from
the product obtained from methyltriethoxysilane, where more methyl groups as ethoxy
groups are detected, 
1
H NMR showed in the case of polyheptadeca-(1,1,2,2,)-
tetrahydrodecylethoxysiloxane 15% more ethoxy groups as fluorinated alkyl groups. A
similar result is obtained from 
29
Si NMR and elemental analysis (column 2 of Table 5.2).
This means the reaction of the educt with the acetic anhydride was not complete or the
polymer exhibit a quite low degree of polymerization. Nevertheless the hyperbranched
nature of the polymer can be clearly observed via 
29
Si NMR in Figure 5.5. A small peak
denoted with the letter a at –49.4 ppm is due to not reacted educt. The peak at –54,3 ppm
denoted with the letter b is due to terminal units having two ethoxy groups, one
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fluorinated alkyl and one siloxane group. The two peaks at –60.2 and –61.5 ppm denoted
with the letters c and d are caused by linear units having one ethoxy, one fluorinated alkyl
group and two siloxane groups.
H3CH2CO Si
OCH2CH3
C2H4C8F17
OCH2CH3
a
H3CH2CO Si
OCH2CH3
C2H4C8F17
O1/2
b
H3CH2CO Si
O1/2
C2H4C8F17
O1/2
c+d
O1/2 Si
O1/2
C2H4C8F17
O1/2
e
-30 -40 -50 -60 -70 -80 -90
d
Integral 20.151.828.1
a
ec
b
29Si NMR Chemical Shift [ppm] - TMS
-1 0 1 2 3 4 5 6 7 8
e
dc
b
145828Integral
TMS
13C Chemical Shift [ppm] - TMS
Figure 5.5: 
29Si NMR (left) and 13C NMR spectrum (right) of hyperbranched
polyheptadecafluoro(1,1,2,2,)tetrahydrodecylethoxysiloxane. The 13C NMR spectrum shows
the signals of the methylene groups directly attached to the silicon atoms. The peaks are
labeled from a to e corresponding to the different molecular building blocks shown at the
top. The grey lines show the integral of each spectrum respectively.
These linear units occur as also seen in all other polymers described in cyclic (-60.2 ppm)
as well as non cyclic environment (-61.5 ppm). As last peak a broad signal at –67.7 ppm
can be observed corresponding to dendritic units having no ethoxy groups. A similar
assignment can be made for the 
13
C NMR spectrum (Figure 5.5 right). Here the signals of
the methylene groups directly attached to the silicon atoms are shown. Although the
signal to noise ratio is not good, peaks corresponding to molecular building blocks
expected for a hyperbranched polymer can be distinguished. Taking the different
peakareas of the peaks in the spectra as the ratios of the corresponding molecular building
blocks as assigned above one can calculate the degree of branching of the polymer
according to eq. (5.2). The values for the different molecular building blocks and the
degree of branching are shown in column 3 to 6 of Table 5.2. The value derived from 
29
Si
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NMR is higher as the one obtained from 
13
C NMR. Both values have in common, that
they are lower as the calculated one according to theory.
[38]
Table 5.2 : Ratio of ethoxy groups to silicon atoms, degree of branching and number-
average molar mass of polyheptadecafluoro(1,1,2,2,)tetrahydrodecylethoxysiloxane as
derived via different methods
Molar ratio of
ethoxygroups
to silicon atoms
Rel. amount
of terminal
units
T [%]
Rel. amount
of linear
units
L [%]
Rel. amount
of dendritic
units
D [%]
Degree of
branching
acc. to
eq.(5.2)
Mn
[kg/mol]
Carbon EA 1.34 n.d. n.d. n.d. n.d. 3.3 b
1H NMR 1.15 n.d. n.d. n.d. n.d. 7.3 b
29Si NMR 1.10 28.1 51.8 20.1 0.44 10.8 b
13C NMR 1.14 28.0 58.0 14.0 0.33 7.8 b
SEC n.d. n.d. n.d. n.d. n.d. 8.6
Calculated a 1.00 25 50 25 0.50 n.d.
a Assuming same reactivity of the different units for coupling of new monomer, no
cyclization reactions and neglecting additional terminal groups in case of a low degree of
polymerization.[38]
b Calculated acc. to eq.(5.4) assuming no cyclization reactions
1R
2
DP


mol
g
1.74DP
mol
g
9.539Mn  
R : molar ratio of ethoxy groups to silicon atoms
(5.3)
(5.4)
This is in agreement with a surplus of ethoxygroups compared to theory observed via the
different methods. (see column two in Table 5.2). The theoretical degree of branching of
0.5 is only valid for high polymerization degrees, but such a surplus of ethoxygroups
indicates a low polymerization degree, which is for instance 20 for a ethoxy group to
silicon atom ratio of 1.1 (eq.(5.3)). In the last column of Table 5.2 the number-average
molecular masses according to equation (5.4) are shown. Neglecting the value derived
from carbon elemental analysis the values are in the range of seven to eleven kg/mol. This
fits quite well with the value obtained from SEC in Freon, which is shown in addition.
Beside of the number-average molar mass of 8.6 kg/mol SEC provided also the weight-
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average molar mass of the polymer, which is 9.7 kg/mol. This low polydispersity of 1.12
can be due to steric hindrance of the polycondensation reaction due to the bulky
fluorinated alkyl chains attached to the silicon atoms.
Figure 5.6: Molar mass distribution of hyperbranched polyheptadecafluoro(1,1,2,2,)
tetrahydrodecylethoxysiloxane as derived from SEC using freon as eluent and narrow
dispersed polyisoprene samples for calibration
5.3.3 Hyperbranched polyvinylethoxysiloxane
The synthesis of polyvinylethoxysiloxane using vinyltriethoxysilane and acetic anhydride
proceeds as in the case of methyltriethoxysiloxane and heptadeca-(1,1,2,2,)-
tetrahydrodecyltriethoxysilane in quantitative yields. The molecular structure of the
polymer was investigated using 
1
H, 
13
C and 
29
Si NMR spectrometry. The 
1
H NMR
spectrum shows all peaks expected for a polymer having vinyl and ethoxy groups.
Nevertheless the peakarea of the signals arising from the ethoxygroups is around 3% less
than expected compared to the signals for the vinyl groups. In the 
29
Si NMR spectrum at
the left side of Figure 5.7 one can see at least seven peaks denoted with a to g. The peaks
can be divided into four groups differing in the amount of ethoxy groups attached to a
specific silicon atom as shown at the top of Figure 5.7. The peak denoted with a at –48.45
ppm corresponds to the educt triethoxyvinylsilane. The peakgroup denoted with b at –
56.31 ppm corresponds to silicon atoms having two ethoxygroups and one neighboring
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siloxane group. These silicon atoms are part of endgroups using the terminology of
hyperbranched polymers. Silicon atoms belonging to linear groups causes the signals
denoted with c and d at –62.95 and –64.39 ppm respectively. These silicon atoms are
linked to one ethoxy- and two neighboring siloxane groups. Dendritic silicon atoms
having no ethoxygroup anymore, but three siloxane groups as neighbors causes the peaks
at –69.46, -71.12 and –72.60 ppm and they are labeled with e, f and g respectively. The
29
Si NMR spectrum exhibits the same peak pattern as the one obtained from
polymethylethoxysiloxane in Figure 5.2. Therefore one can conclude that the peaks
labeled with c, e and f, which are downfield shifted compared to the peaks labeled with d
and g are also due to silicon atoms in cyclic environment as depicted schematically in
Figure 5.3 (in this case now each silicon atom in Figure 5.3 is linked at least to one vinyl
instead of a methyl group or to one ethoxy group in addition). The 
13
C NMR spectrum of
polyvinylethoxysiloxane as shown at the right side of Figure 5.7 shows four peakgroups.
The one between 137 and 135 ppm is due to the vinyl carbon atoms directly attached to
the silicon atoms, whereas the peakgroup between 132 and 129 ppm is caused by the
other vinyl carbon atoms.
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Figure 5.7: 
29Si NMR (left) and 13C NMR spectra (right) of polyvinylethoxysiloxane. The
peaks are labeled from a to g corresponding to the different molecular building blocks
shown at the top. The grey lines show the integral of each spectrum respectively.
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The carbon atoms of the ethoxygroup causes the peaks at 58.51 ppm (methylene group)
and 53.68 ppm (methyl group) respectively. The peakgroups caused by the vinyl carbon
atoms can be divided into four peaks in each peakgroup. Presumably the four peaks in
both two peakgroups are caused by the educt triethoxyvinylsilane (a; 137.00 and 129.41
ppm), terminal groups (b; 136.41 and 130.11 ppm), linear subunits (c+d; 135.95 and
130.68 ppm) and dendritic groups (e+f+g; 135.51 and 131.30 ppm). The above described
assignments of the peakgroups in the 
29
Si and 
13
C NMR spectra can be used to calculate
the ratio of ethoxy to vinyl groups. This value is related to the amount of internal cross-
links and can be used to calculate the degree of cyclization acc. to eq. (5.1). In the second
column of Table 5.3 the molar ratio of ethoxygroups to silicon atoms or vinyl groups as
derived using elemental analysis and NMR methods is shown. Taking the average of the
values the ratio of ethoxygroups to silicon atoms is 0.96. The sum formula of the polymer
is therefore ((CH2=CHSiO1.5)(O0.5C2H5)0.96)n, and the degree of cyclization is 0.04. On the
other hand the degree of branching can be calculated from the relative peakareas of the
peakgroups in the 
29
Si NMR spectrum acc. to eq. (5.2) and is shown in column 6 of Table
5.3. Therefore the degree of branching equals 0.53, which is very close to the theoretical
value of 0.5 as calculated assuming the same reactivity for coupling of new monomer and
no cyclization reactions.[38]
Table 5.3: Molar ratio of ethoxygroups to silicon atoms and degree of branching of
polyvinylethoxysiloxane as derived via different methods
Molar ratio of
ethoxygroups
to silicon
atoms
Rel. amount
of terminal
units
T [%]
Rel. amount
of linear
units
L [%]
Rel. amount
of dendritic
units
D [%]
Degree of
branching
acc.
eq. (5.2)
EA 0.96 n.d. n.d. n.d. n.d.
1
H NMR 0.97 n.d. n.d. n.d. n.d.
29
Si NMR 0.95 21.0 49.9 28.1 0.53
13
C NMR 0.96 n.d. n.d. n.d. n.d.
Calculated 
a
1 25 50 25 0.50
a Assuming same reactivity of the different units for coupling of new monomer, no
cyclization reactions.[38]
The molar mass distribution of the polymer was estimated via size exclusion
chromatography using narrow molar mass distributed linear polystyrene samples as
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calibration standards and the ELS signal as an estimate for the weight fraction at given
elution volume. (see Figure 5.8). According to this method the number-average molar
mass equals 1250 g/mol, and the weight-average molar mass is 2850 g/mol.
Figure 5.8: Molar mass distribution of polyvinylethoxysiloxane as derived from size
exclusion chromatography using narrow molar mass distributed linear polystyrene samples
for calibration.
5.3.4 Hyperbranched polyaminopropylethoxysiloxane
The polymer described in this section was synthesized in deviation to the procedures
before. It was not possible to synthesize it using acetic anhydride because of the reaction
with the amino group of aminopropyltriethoxyylsilane. Therefore the ´silanol route´
described in chapter 3 was used. But deferring from the pathway used in the synthesis of
polyethoxysiloxane no condensation step using liquid ammonia was necessary. The
polymer was already obtained after the neutralization of the sodium salt isolated from
reaction of sodium hydroxide with aminopropyltriethoxysilane. The molecular structure
was investigated using 
1
H, 
29
Si and 
13
C NMR. The molar mass distribution was derived
from MALDI-ToF MS.
As can be seen in Figure 5.9 the NMR spectra clearly show the hyperbranched nature of
the polymer. But as in the case of the polymers described in the previous sections it
exhibits also cyclic structures. The 
13
C-NMR spectrum on the right side of Figure 5.9
shows the signals arising from the methylene groups directly attached to the silicon
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atoms. The peak pattern looks as in the case of polymethylethoxysiloxane quite similar to
the one obtained from 
29
Si NMR. In both spectra the peaks are labeled corresponding to
the different units shown at the top of Figure 5.9. Silicon atoms belonging to the peaks
labeled with ´c´ and ´e´ arise from cyclic environment.
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Figure 5.9: 
29Si NMR spectrum (left) and 13C NMR spectrum (right) of
polyaminopropylethoxysiloxane. The 13C NMR spectrum shows the signals of the methylene
groups directly attached to the silicon atoms. The peaks are labeled from a to f
corresponding to the different molecular building blocks shown at the top. The grey lines
show the integral of the spectra respectively.
Table 5.4 summarizes the molecular structure properties derived from the different NMR
spectra. Comparing the relative amounts of the different molecular buildings blocks as
derived from 
29
Si NMR with the theoretical values as calculated assuming same reactivity
of new monomer coupling to different units, 
[38]
 the amount of terminal groups is lower as
the calculated one, whereas the amount of linear and dendritic groups is higher. The
degree of branching as shown in column six of Table 5.4 was calculated according to eq.
(5.2) and numbers 0.51. The value derived from 
13
C NMR is much smaller as the one
derived from 
29
Si NMR, due to the different values for the relative amounts of linear and
dendritic units obtained from both methods. Nevertheless the 
29
Si NMR exhibits the better
signal to noise ratio and therefore these values are considered as plausible. In column two
of Table 5.4 the molar ratio of ethoxygroups to silicon atoms or respectively aminopropyl
groups is shown and is directly related to degree of cyclization as defined acc. to eq. (5.1).
The most plausible value here seems to be the one obtained from 
1
H NMR, because it
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exhibits the best signal to noise ratio compared to the 
29
Si and 
13
C NMR. Therefore the
molar ratio of ethoxy groups to silicon atoms is 0.82 and the sum formula of the polymer
is ((NH2CH2CH2CH2SiO1.5)(O0.5C2H5)0.82)n. The degree of cyclization numbers 0.18
giving 1 cross-link per 5 silicon. Compared to the other polymers described so far in this
chapter this value is quite high. But it fits in a qualitative manner with the high intensity
of the downfield shifted peakshoulders in the 
29
Si NMR spectrum arising from silicon
atoms in cyclic environment. This high degree of cyclization is also responsible for the
low relative amount of terminal groups in the polymer compared to theory (see column 3
of Table 5.4).
Table 5.4: Molar ratio of ethoxygroups to silicon atoms and degree of branching of
polyaminopropylethoxysiloxane as derived via different methods
Molar ratio of
ethoxygroups
to silicon
atoms
Rel. amount
of terminal
units
T [%]
Rel. amount
of linear
units
L [%]
Rel. amount
of dendritic
units
D [%]
Degree of
branching
acc.
eq.(5.2)
1
H NMR 0.82 n.d. n.d. n.d. n.d.
29
Si NMR 0.80 9 59 31 0.51
13
C NMR 0.94 11 69 19 0.36
Calculated 
a
1.00 25 50 25 0.50
a Assuming same reactivity of the different units for coupling of new monomer, no 
cyclization reactions. [38]
As already mentioned the average molar mass was derived from MALDI-ToF MS. Figure
5.10 shows the corresponding spectrum. The number-average molar mass according to
this method is 5.1 kg/mol and the weight-average is 12.8 kg/mol. The inset in the upper
right corner shows the part of the spectrum of 1600 to 1900 u and three calculated traces
of molecules having different polymerization degrees and numbers of cycles. These peaks
are caused by molecules having the sum formula
Na[SiO(OEt)(C3H6NH2)]i[SiO3/2(C3H6NH2)]k. Sodium ion adducts are expected to be in
the polymer, due to the polymer synthesis using sodium hydroxide. Compared to the
MALDI-ToF sample preparation in case of polyethoxysiloxanes in Chapter 3 no salt like
potassium trifluoroacetate was added to the mixture of polymer and matrix. The
polymerization degree of a certain molecule corresponds to i+k and the value k/2+1
equals the number of internal cross-links. The peaks itself are labeled with ik. For instance
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the peak at 1715,8 u denoted with 122 corresponds to molecules having the sum formula
Na[SiO(OEt)(C3H6NH2)]12 [SiO3/2(C3H6NH2)]2, which means the polymerization degree
is 12 and the number of internal cross-links is three. The calculated peaks with 110 and
120 correspond to molecules having one internal cross-link as expected by theory of AB2
polymerization. Molecules with hydroxyl groups were not detected. The peaks with 13-2
and 14-2 correspond to molecules having no internal crosslink.
Comparing the experimental trace with the calculated ones, it is not possible to determine
exactly, which molecules cause the experimental spectrum. The experimental trace might
be a superposition of the signals caused by several different molecules. Nevertheless the
molecules causing that spectrum exhibit at least one internal cross-link.
Na[SiO(OC2H5)(C3H6NH2)] i [SiO3/2(C3H6NH2)] k
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Figure 5.10 : MALDI-ToF-MS spectrum of polyaminopropylethoxysiloxane. The inset in
the right top corner shows a part of the experimental spectrum (a) and three calculated
spectra (b-c) shifted arbitrarily on the y-axes. Each spectrum shows sharp peaks, denoted
with ik corresponding to sodium ion adducts of molecules having a certain polymerization
degree (i+k) and a certain number of internal cross-links (k/2+1). At the top the sum
formula of these molecules is given.
5.3.5 Hyperbranched polymethoxyacetoxysiloxane
So far only ethoxy functionalized silanes were employed in the synthesis of
polyalkoxysiloxanes. But it is also possible to use methoxy functionalized silanes. There
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are some differences in the reactivity of methoxy compared to ethoxysilanes, which must
be taken into account. They will be explained as follows. (i) Methoxysilanes exhibit a
higher reactivity against nucleophiles.
[39,40]
 (ii) The rate constants for a second, third and
fourth nucleophilic attack of silicon atoms having methoxygroups compared to the first
nucleophilic attack is higher as in the case of ethoxy silanes. This was experimentally
proven via kinetic measurements studying the acid catalyzed hydrolysis of
tetramethoxysilane compared to tetraethoxysilane.
[41]
 The increasing rate constant for
hydrolysis with increasing amounts of OH groups attached to the silicon atoms is due to
the higher electronegativity of a OH group compared to an alkoxy group, making the
silicon atom more reactive against water.
[42]
 Therefore the selectivity of the reaction of a
A2 molecule with a B4 molecule for forming a AB3 type monomer compared to forming a
A2B2 monomer is smaller for methoxysilanes compared to ethoxysilanes. Nevertheless it
must be mentioned that taken also the back reactions into account (alcohol plus
hydrolyzed silicon species giving alkoxysilane), thermodynamically the first hydrolysis
step is favored compared to subsequent hydrolysis steps of tetraethoxysilane as well as
tetramethoxysilane. (iii) So far only nucleophilic attack on monomeric species was
discussed. But regarding reaction of A2 with B4 molecules, also nucleophilic attack on
already condensed species has to be considered. Two major points, inductive and steric
effects have to be mentioned. Siloxane groups are electron withdrawing groups and
attached to a silicon atom they increase its acidity, making it more vulnerable against
nucleophilic attack.
[43]
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Figure 5.11: 
1H NMR spectrum (left) and molar mass distribution (right) of hyperbranched
polymethoxyacetoxysiloxane. The molar mass distribution was derived from SEC calibrated
with the universal calibration curve derived for hyperbranched polyethoxysiloxanes in
Chapter 3.
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On the other hand siloxane groups are bulky groups and because of the SN2 type character
of the nucleophilic substitution reactions with inversion of geometry at the silicon center,
siloxane groups attached to a silicon atoms hinder the nucleophilic attack. This was
observed comparing acid catalyzed hydrolysis of tetraethoxysilane  and
hexaethoxydisiloxane. But unfortunately no data are given for condensed
methoxysilanes.
[41]
 Nevertheless in the work here it was observed during the TEOT
catalyzed reaction of TMOS with a stoichiometric amount of acetic anhydride, that after
complete conversion of acetic anhydride to acetic acid methyl ester, the resulting polymer
was gelled. This can be due to the diminished tendency of TMOS based polymers for
forming cyclic polymeric structures causing such polymers at equal stoichiometric ratio
of the B4 to the A2 component to gel compared to TEOS based polymers, which do not
gel (see chapter 3). This statement is supported by the observation of a lower amount of
cyclic structures of ´methylsilicates´ compared to ´ethylsilicates´ during the reaction of
water with TMOS compared to TEOS.
[3,8,10]
 In a qualitative manner this behavior can
explain the gelling of TMOS compared to TEOS using stoichiometric amounts of acetic
anhydride. Nevertheless using a stoichiometric amount of water no gelling of TMOS is
observed.
[4]
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Figure 5.12: 
29Si NMR (left) and 13C NMR spectrum (right) of hyperbranched
polymethoxyacetoxysiloxane. The peaks are labeled from a to f corresponding to the
different molecular building blocks shown at the top. The grey lines show the integral of the
spectra respectively.
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Despite of the gelling of TMOS using acetic anhydride and TEOT as catalyst it was
possible to get a polymer soluble in organic solvents if the reaction is performed without
catalyst. After 8h at 120°C the reaction was stopped and all volatile components were
distilled off in vacuum up to 160°C leaving a polymeric residue in 25% yield. The
molecular structure was determined using 
1
H, 
13
C and 
29
Si NMR. Figure 5.11 shows at the
left side the 
1
H NMR spectrum. Two broad peaks can be observed. The peak at 3.64 ppm
corresponds to the methoxygroups, whereas the peak at 1.85 ppm belongs to residual
acetoxygroups. Evaluation of the peakareas show the polymer still contains 28 mol-%
acetoxygroups compared to the sum of methoxy and acetoxygroups. Peaks belonging to
residual acetoxygroups can also be observed in the 
29
Si and 
13
CNMR spectra.
Furthermore the 
29
Si NMR show all peaks expected for a hyperbranched polymer as can
be seen at the left side of Figure 5.12. Six peaks can be distinguished. The following
assignment is based on polymethoxysiloxanes synthesized via hydrolysis and
condensation of tetramethoxysilane.
[5,6,9,11,35,44-46]
 The peaks denoted with d at –85.86
ppm, e at –94.22 ppm and f at –103.13 ppm belong to silicon atoms having no
acetoxygroups. Peaks belonging to silicon atoms having one acetoxygroup are denoted
with a at –82.82 ppm, b at –90.89 ppm and c at –99.82 ppm. Silicon atoms having two
acetoxygroups cannot be assigned. The peaks can be further assigned to the AB3 type
monomer peak trimethoxyacetoxysilane denoted with a, peaks belonging to terminal units
having only one siloxane bond are denoted with b and d, peaks belonging to linear units
having only two siloxane bonds are denoted with c and e, and one peak denoted with f
belong to semidendritic units having three siloxane bonds. A Peak belonging to fully
dendritic units cannot be clearly distinguished from the background signal, but should be
as in the case of polyethoxysiloxane in the region of –108 ppm to –112 ppm. In the 
13
C
NMR spectrum mainly three different peakgroups can be observed. The one at 169 ppm
belonging to the carbonyl atoms of the acetoxygroups, one between 54 ppm and 50 ppm
belonging to methoxygroups and one peak at 21.87 ppm belonging to the methylcarbon
atoms of the acetoxygroups. The methoxy peakgroup can be further divided into three
different peaks. One peak belongs to terminal units denoted with b+d at 51.17ppm, one
corresponds to methoxygroups attached to silicon atoms of a linear unit denoted with c+e
at 51.74 ppm and the last peak at 52.25 ppm belongs to semi-dendritic units. The above
made assignments seem to be valid comparing the different methods. In column two of
Table 5.5 the molar fraction of acetoxygroups in relation to the sum of acetoxy and
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methoxygroups is shown. The last column shows the degree of branching as calculated
according to eq. (5.5) based on the molar distribution of terminal, linear, semi-dendritic
and dendritic units shown in the columns before. As can be seen the values fit very well
between the different methods. Nevertheless the degree of branching is quite low
compared to the theoretically derived value. Therefore it can be concluded that the
polymer exhibits at least a branched structure having a quite high amount of residual
acetoxygroups.
Table 5.5: Properties of polymethoxyacetoxysiloxane as derived from NMR studies
Molfraction
of acetoxy
groups
[%]
Terminal
units
T
[%]
Linear
units
L
[%]
Semi-
dendritic
units
sD
[%]
Dendritic
units
D
[%]
Degree of
branching
1H NMR 28 n.d. n.d. n.d. n.d. n.d.
29Si NMR 28 40 51 8 0 0.18
13C NMR 29 41 51 8 0 0.18
Calculated a n.d. 29.6 44.4 22.2 3.7 0.44
a Assuming same reactivity of the different units for coupling of new monomer, no
cyclization reactions [38]
)LsD2D3(
3
2
sDD2
DB


 (5.5)
The molar mass distribution was investigated using SEC with THF as eluent. As
calibration function the universal calibration curve for hyperbranched
polyethoxysiloxanes as derived in chapter 3 was used. At the right side of Figure 5.11 the
elugram as measured using an ELS detector is shown. The number-average molar mass
equals 1.2 kg/mol and the weight-average molar mass is 1.8 kg/mol.
5.3.6 Hyperbranched polyethoxyacetoxysiloxane
As already shown in chapter 3 polyethoxysiloxanes can be synthesized via
polycondensation of triethoxyacetoxysilane at elevated temperature. Without using a
catalyst like TEOT the polymers still contain residual acetoxygroups after low reaction
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times. These acetoxygroups are better leaving groups regarding SN2 type substitution
reactions compared to ethoxygroups
[47]
 and are probably useful in the derivatization of
polyethoxysiloxanes with other functional groups like epoxy-, methacrylic- or amino
groups. Polyethoxysiloxanes synthesized via triethoxysilanol or via tetraethoxysilane and
acetic anhydride with TEOT as catalyst do not have any acetoxygroups. Therefore the
question was if such acetoxygroups can be later on incorporated into polyethoxysiloxanes
via an additional derivatization reaction.
6 5 4 3 2 1 0
Si-OCOCH3 Si-OCH2CH3Si-OCH2CH3 TMS
1H NMR Chemical Shift [ppm] - TMS
Integral43.057.028.0
Integral50.749.333.1
Integral63.636.441.4
Figure 5.13: 
1H NMR spectra of polyacetoxyethoxysiloxanes received after different
reaction times and differing in the amounts of ethoxygroups substituted by acetoxygroups.
After 20 h reaction time (bottom), after 32 h (middle) and after 48 h (top). The grey lines
correspond to the integrals of each spectrum respectively. The inset shows the mol fraction
of ethoxygroups to the sum of ethoxy and acetoxygroups in dependence of the reaction time.
The grey line corresponds to an exponential fitting function of a first order decay.
Figure 5.13 shows at the right side 
1
H NMR spectra of the reaction products of
polyethoxysiloxane with acetic acid anhydride. The spectra were recorded after different
reaction times. The bottom spectrum corresponds to the reaction product after 20 h, the
middle spectrum was recorded after 32 h reaction time, whereas the top spectrum is the
one after 48h. Each spectrum shows three broad peaks. The peaks at 3.9 ppm and 1.25
ppm are due to ethoxygroups, whereas the peak at 2.1 ppm correspond to acetoxygroups,
which are caused via the substitution reaction of ethoxygroups with acetic acid anhydride
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generating acetic acid ethyl ester. The relative amount of residual ethoxygroups can be
calculated using the peakareas. For instance after 32 h (middle spectrum) nearly 50 mol-
% of the ethoxygroups are replaced by acetoxygroups. The time dependence of the
relative molar amount of ethoxygroups is shown at the left side of Figure 5.13. It seems
that the reaction has a first order rate constant. Beside of the substitution of the
ethoxygroups with acetoxygroups the reaction of polyethoxysiloxane with acetic
anhydride should also increase the molar mass of the polymer via cross-linking reactions.
This assumption was experimentally proven via SEC. Figure 5.14 shows the
corresponding molar mass distributions.
Figure 5.14: Molar mass distribution of polyethoxysiloxane before (dotted) and after
(solid) reaction with excess acetic anhydride for 32 h.
Compared to the initial polyethoxysiloxane (dotted line) having a number-average molar
mass of 1.3 kg/mol and a weight-average molar mass of 4.5 kg/mol, the reaction product
exhibits after 32 h reaction time with acetic anhydride nearly the double number and
weight-average molar mass of 3.0 kg/mol and 10.6 kg/mol respectively. Such cross-
linking reactions do not only occur intermolecularly between polymer molecules causing
the molar mass to increase, but they also occur intramolecularly. This was proven via
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silicon elemental analysis. Silicon elemental analysis provides the ratio of alkoxy groups
to silicon atoms expressed in the ratio of R2O to SiO2 units as already seen in Chapter 3
and 4. As lower this ratio is as higher the internal cross-linking degree. Before the
reaction with acetic anhydride this ratio numbered 0.84. After the reaction with acetic
anhydride this ratio decreased to 0.62, which is comparable to the ratio of 0.56 obtained
for polyethoxysiloxanes after stripping in vacuum at 250°C (see Chapter 4). One can
argue that via intermolecular cross-linking causing the molar mass to increase, also the
degree of internal cross-linking increases or the ratio of R2O to SiO2 units decreases, but
this large decrease observed here cannot only be due to the increase of molar mass. This
can be easily shown considering following example. Two polymer molecules having the
formula [SiO(OEt)2]10[SiO2]2 can theoretically undergo intermolecular cross-linking
forming a molecule having the formula [SiO(OEt)2]18[SiO2]5 and tetraethoxysilane. The
molar mass and the ratio of R2O to SiO2 before the cross-linking reaction is 1460 g/mol
and 0.83 respectively, whereas after the cross-linking reaction the molar mass is 2712
g/mol and the above ratio is 0.78. This is much higher as the experimentally determined
ratio of 0.62. Therefore it can be concluded, that also intramolecular cross-linking
reactions occurred. In the case here such cross-linking reactions involve silicon atoms
having acetoxygroups and silicon atoms having ethoxygroups forming acetic acid ethyl
ester and siloxane bonds.
To summarize the results polyethoxysiloxane reacts with acetic anhydride via
substitution of ethoxygroups by acetoxygroups. Substitution levels of 60 mol-% can be
achieved. The molar mass and the degree of cyclization of the polymer increases via
intermolecular and intramolecular cross-linking reactions. Nevertheless the polymers
stay soluble in organic solvents. These polymers should be valuable precursors for silica
in organic-inorganic composite materials prepared for instance via melt extrusion
processes at higher temperatures, because the acetoxy groups can react with the ethoxy
groups under evolution of acetic acid ethyl ester at elevated temperature.
[48]
5.4 Conclusions
Polyorganoalkoxysiloxanes were synthesized using different reaction pathways
depending on monomer precursor. Reaction of methyltriethoxysilane, vinyltriethoxysilane
or heptadecafluoro-(1,1,2,2,)-tetrahydrodecyltriethoxysilane with acetic anhydride using
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TEOT as catalyst gave polymers in quantitative yields. 
29
Si NMR investigations of the
molecular structure revealed the hyperbranched nature of the polymers having nearly the
theoretically expected distribution of terminal-, linear- and dendritic subunits. Different
from theory the polymethylethoxysiloxane synthesized exhibit as in the case of
polyethoxysiloxanes cyclic structures. In the case of the polyheptadecafluoro-(1,1,2,2,)-
tetrahydrodecylethoxysiloxane ethoxygroups in excess were observed compared to
theory, because of a low degree of poylmerization. Beside of this also in that case cyclic
structures were observed via 
29
Si NMR. Molar mass distributions were estimated via size
exclusion chromatography (SEC). The average molar masses were Mn = 1.5 kg/mol and
Mw = 94 kg/mol in case of the polymethylethoxysiloxane and Mn = 8.6 kg/mol and Mw =
9.7 kg/mol in case of the fluorinated polymer. For polyvinylethoxysiloxane these values
are 1,3 kg/mol and 2,8 kg/mol for Mn and Mw respectively.
For synthesis of polyaminopropylethoxysiloxane the reaction with acetic anhydride
cannot be used because of sidereaction with the amino groups. But the use of the ´silanol
route´ as described also in chapter 3 yielded a polymeric material. 
29
Si NMR
investigations showed the branched nature of this material, nevertheless the amount of
terminal groups was significantly lower compared to theory of hyperbranched
polymerization. This can be due to the high amount of internal cross-linking observed in
this polymer. The molar mass distribution was determined via MALDI-ToF MS giving a
Mn of 5.1 kg/mol and a Mw of 12.8 kg/mol.
Attempts to synthesize polyorganomethoxysiloxane or polydimethoxysiloxane using
acetic anhydride in a 1:1 molar ratio and TEOT as catalyst failed due to gelation.
Nevertheless it was possible to synthesize a polyacetoxymethoxysiloxane, in case no
catalyst was used. 
29
Si NMR investigations showed in that case a low degree of branching
and a acetoxy to methoxy ratio of 40 mol-%. The number-average molar mass was 1.2
kg/mol and the weight-average was 1.8 kg/mol as determined via SEC.   
Furthermore it was shown that polyethoxysiloxane can be functionalized with
acetoxygroups in controlled way giving polymers with an increased molar mass and
silicon content due to cross-linking reactions.
Nevertheless the occurrence of side reactions like cross-linking all products described are
soluble in organic solvents and can act as precursor polymers for new forms of silica or
organosiloxane materials. Regarding other organotrialkoxysilanes having polymerizable
groups like vinyl, methacrylic, isocyanate, or epoxy groups, it should be possible using
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the described non-hydrolytic polymerization pathway to produce highly interesting
polymers for the application in organic-inorganic hybrid materials.
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5.6 Appendix
Procedures for synthesis of
hyperbranched polymethylmethoxysiloxane and polydimethoxysiloxane
Experiment no1: 136.9 g (1 mol) methyltrimethoxysilane (ABCR) were heated with 102.7 g (1 mol) acetic
anhydride (puriss, Merck) and 0.55 g (2.4 mmol) TEOT (technical, Aldrich) at 110°C oil bath temperature
in a 500 mL one necked flask equipped with a dephlagmator (NS29, 30cm) and a distillation bridge with
inlet for nitrogen, thermometer and drying tube filled with silica gel under vigorous stirring with an
magnetic stirrer. During 16h 140 mL acetic acid methyl ester (130.2 g 1.76 mol, 87.8% of theory) with a
boiling point of 57°C were removed by distillation. The residue was gelled.
Experiment no2: The experiment was conducted the same way as described in experiment no1, beside of
using only 0.33 g (1.4 mmol) TEOT and heating only at 70°C for 7h, then increasing the temperature to
80°C for another 1 hour, and finally heating at 90°C for another 15 hours. During that time 112 g (80 wt.-%
of theory) of acetic acid methyl ester were distilled off the reaction mixture. 121 g (theory 90 g) of residue
was left, which was not gelled. All volatiles were removed in vacuum at a pressure of 1 mbar and 100°C.
The head temperature raised up to 46°C and the reaction mixture (77 g) was gelled after 2h, whereas it was
still a liquid after 1h.
Experiment no3: Experiment no3 was conducted in the same way as experiment no2, but using only half the
amount of educts used there, a 250 mL one necked flask and no deplagmator The oil bath temperature was
held from the beginning at 90°C. After 17.5h and removal of 69.3g (94% of theory) of ester, the reaction
mixture was gelled.
Experiment no4: Briefly the attempts to synthesize acetoxydimethoxymethylsilane as an AB2 monomer via
the reaction of methyltrimethoxysilane with acetic anhydride in a 1:1 molar ratio without TEOT as catalyst
will be described. Four major components can be distinguished in the reaction mixture after reaction at
100°C and removal of the ester distilled off during reaction: (i) residual methyltrimethoxysilane (ii) residual
acetic anyhdride (iii) acetoxydimethoxymethylsilane and (iv) diacetoxymethoxymethylsilane. The amounts
of these components are varying with reaction time. It was not possible to purify
acetoxydimethoxymethylsilane via fractional distillation in the case if acetic anhydride is left in the reaction
mixture. During some attempts of distillation polymeric residues (around 10 wt.-% compared to
methyltrimethoxysilane applied) were obtained after fractional distillation of all volatile compounds. 1H
NMR showed around 25 mol-% acetoxygroups compared to methoxygroups left in the polymer. 13C NMR
(carbon atoms of the methyl groups) showed the branched nature of this polymer, having a distribution of 11
mol-% terminal subunits at –6.84 ppm, 52 mol-% linear subunits at –5.17 ppm and 37 mol-% dentritic
subunits at –3.49 ppm. Purification should be possible after 190h of reaction, because after that time
virtually no acetic anhydride was left in the reaction mixture as it was proven via NMR (see Figure 5.15).
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Experiment no5: 22.5 g (0.21 mol) tetramethoxysilane (ABCR) were heated with 21.5 g (0.21 mol) acetic
anhydride (puriss, Merck) and 0.095 g (2.0 mmol) TEOT (technical, Aldrich) at 90°C oil bath temperature
in a 100 mL one necked flask equipped with a dephlagmator (NS29, 30cm) and a distillation bridge with
inlet for nitrogen, thermometer and drying tube filled with silica gel under vigorous stirring with an
magnetic stirrer. Right after the addition of TEOT to the mixture of anyhdride and silane a white flaky
precipate formed, which dissolved after heating at 90°C. During 16h 26g (88% of theory) acetic acid methyl
ester were removed by distillation. The residue was gelled.
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Figure 5.15: Dependence of the molar fractions of four different major components in the
reaction mixture of methyltrimethoxysilane with acetic anhydride with reaction time
(neglecting acetic acid methyl ester). Educt1: methyltrimethoxysilane ( ), Educt 2: acetic
anyhdride ( ), Product 1: acetoxydimethoxymethylsilane ( ), Product 2:
diacetoxymethoxymethylsilane ( ). The black lines were added as guidelines for the eyes.
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Chapter 6
Derivatization of hyperbranched polyethoxysiloxane
6.1 Introduction
This chapter deals with derivatization reactions of polyethoxysiloxane with other
heteroelement alkoxides. The scope of the work reported here is the substitution of the
ethoxygroups with OM(OR)x groups, where M is a heteroelement like titanium or
phosphorus, giving mixed metal alkoxides. The main application for such polymers will
be the conversion to amorphous mixed metal oxides at low temperatures allowing the
control of their microstructure. Particularly important is to tailor advanced materials at the
atomic level for specific applications, such as ceramics,
[1-4]
 microelectronics,
[5,6]
 optical
devices,
[7]
 electrochemical devices,
[8-11]
 sensors,
[12]
 separation science
[13-15]
 and
(photo)catalysis.
[16-23]
Polyalkoxymetalates can be synthesized using a lot of different reaction pathways. The
most commonly applied route is hydrolysis and condensation of metalalkoxides as
already seen in the chapters dealing with siliconalkoxides. Most metal alkoxides are more
reactive against water than silicon alkoxides, which is due to the lower electronegativity
of the metal atom compared to silicon.
[24,25]
 Other differences arise from the fact, that
transition metal alkoxides for instance can undergo coordination expansion increasing the
molecular complexity forming oligomers or polymers. Also the solvents used play a
major role in such systems because the solvent can add to the metal alkoxides via
complexation. The steric hindrance of alkoxy ligands appears to be a major parameter as
well. Most metal methoxides are for instance non-volatile and insoluble in organic
solvents, whereas bulky groups tend to prevent oligomerization. Nevertheless it is
possible to hydrolyse and condense transition metal alkoxides using substoichiometric
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amounts of water. Some excellent reviews and extensive studies on this topic were
reported in literature.
[26-36]
 Beside of this the reaction with water is mainly used to form
inorganic gels and powders.
[11,13,37]
Because of the difficulties arising from the high reactivity of transition metal alkoxides
against water non-hydrolytic pathways were investigated in recent years.
[38-40]
. The main
strategies for non-hydrolytic condensation reactions cover (i) thermal decomposition of
alkoxides under alkene elimination, (ii) the reaction of metal halides with alkylethers,
alcohols or alkoxides via elimination of alkylhalides,
[41,42]
 (iii) reaction of ketones with
basic metal alkoxides like zink alkoxide with acetone via ketolization under the evolution
of mesityl oxide
[43]
 and (iv) reactions via ester elimination. Such ester elimination
reactions involve for instance reactions of metal alkoxides with metal acetates or carbon
acid anhydrides. In case of tetraisopropyl orthotitanate the reaction with acetic anhydride
is reported to occur only hardly at 140°C and only in the presence of a Lewis acid catalyst
like TiCl4.
[44]
 The reactions of metal alkoxides with carbon acids induce the removal of
alcohol. Subsequently water is generating by esterification reactions between the alcohol
and the acid. Therefore this reaction is strictly spoken not a non-hydrolytic reaction
pathway but because of the slow water generation also assigned to this topic.
[45,46]
 One
application of these non-hydrolytic condensation reactions is the preparation of single
oxide materials like titania, ziconia or alumina.
[47-49]
 Beside of single metal oxides two
component oxides can also be prepared.
Hydrolysis and condensation reactions can only merely been used for the preparation of
mixed metal oxides, because the control of the composition and homogeneity in
multicomponent oxide gels is nowhere near as straightforward owing to the different
reactivities of various precursors, especially in the case of silicon and other metal
alkoxides. Attenuation of these difficulties can be achieved either by prereacting the less
reactive precursor (silicon alkoxide) or by chelating the more reactive one (metal
alkoxide), while diminishing its reactivity.
[6,13,16,50-55]
 In this view non-hydrolytic
condensation reactions appear interesting if one remembers the spontaneous formation of
mixed-metal complexes from mixtures of some alkoxides, carboxylates, and '-
diketonates precursors.
[27,56]
 However, owing to rapid ligand exchange reactions, non-
hydrolytic condensation reactions cannot lead to the formation of M-O-M´bridges with a
perfect alternation of the metal centers M and M´. Homogeneity is expected again to
depend on the relative rate of self-condensation (M-O-M and M´-O-M´ bridges) towards
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heterocondensation (M-O-M´bridges). If extensive selfcondensation reactions occur,
binary non-hydrolytic gels will be heterogeneous; but if all the reaction rates are of the
same order, homogeneity, i.e. random distribution of MOM, MOM´, and M´OM´ bridges,
will be achieved. Quite homogenous gels were for instance obtained using mixtures of
silicontetraacetate with metalalkoxides or leadacetate with titaniumalkoxides under the
elimination of alkyl acetate esters.
[26,40,48,57-59]
 Elimination of alkylhalides was used for the
formation of aluminum- or zirconia-titanate gels 
[60,61]
 Nevertheless these examples are
again restricted to distinct system were the reactivities of both components are suitable for
the formation of homogenous oxides. Using polymeric bimetallic alkoxides with a
predefined molecular structure, a predefined ratio and distribution of MOM, M´OM´ and
MOM´ bridges and a known molar mass distribution can help to overcome the problems
described above, because once formed, a M-O-M´ bridge cannot be broken as easily as
for instance a M-O-C bond.
[62,63]
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Figure 6.1: Idealized schematic drawing of the reaction pathways used for the preparation
of polymeric heteroelement alkoxides in this chapter. (a) polymeric silicon-phosphorous
alkoxides (b) polymeric silicon-titanium alkoxides
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The appropriate polymeric precursors have to be synthesized, which is of course an
additional synthesis step, but gives better control over homo- or heterogenous
condensation reactions.
The synthesis and characterization of two different systems will be discussed here.
Polymeric silicon-titanium as well as silicon-phosphorous alkoxides will be described.
For both systems polyethoxysiloxane as synthesized and described in chapter 3 will be
used as starting material. This material will be used as ´core´ and will be reacted with
titanium- and phosphorous alkoxides having reactive A groups as indicated in Figure
6.1a. In case of the silicon-phosphorous system monohydroxyalkylesters will be used as
AMB´x molecules. In case of the silicon-titanium system, derivatization of the
hyperbranched polyethoxysiloxane with acetic anhydride was performed prior to reaction
with titanium alkoxides, because it was not possible to synthesize a suitable AMB´x
molecule as for instance acetoxytriethoxytitanium (Figure 6.1b). Nevertheless it is
obvious from Figure 6.1, that also using the described reaction pathways side reactions
leading to heterocondensation can occur. To elucidate the molecular structure and the
degree of homo or heterocondensation of the resulting poylmers, they were analyzed
using NMR and IR spectroscopy, whereas their molar mass distributions were
investigated with SEC.
6.2 Experimental
6.2.1 Materials
Tetraethyl orthotitanate (TEOT) (technical, Aldrich, contains approx. 20 mol-%
tetraisopropyl orthotitanate) and acetic anhydride (puriss, Fluka) were used without
purification. Polyacetoxyethoxysiloxane was synthesized using the procedure described in
chapter 5 (sum formula: {SiO((OCOCH3)0.57(OCH2CH3)0.43)2]1.6[SiO2]}n as determined
via silicon elemental analysis and 
1
H NMR). Toluene (technical grade) was dried over
lithium aluminum hydride (Merck) and distilled under an argon atmosphere.
Triethylphosphate, diethylchlorophophate, dibutylphosphate (DBP), (all purum, Fluka)
and tetraethoxysilane (TEOS) (purum, Merck) were used as received.
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6.2.2 Methods
1
H NMR, 
13
C NMR and 
31
P NMR spectra were obtained using a Bruker DRX 400 NMR
spectrometer operating at 400.13 MHz (
1
H), 100.61 MHz (
13
C) and 161.98 MHz (
31
P)
transmitter frequency respectively using 5 wt.-% chloroform-d (99.8% deutero GmbH)
solutions. For 
1
H NMR and 
13
C NMR chemical shifts tetramethylsilane was used as
standard. In case of the 
31
P NMR spectra 85 wt.-% H3PO4 was used as external standard
or triphenylphosphine as internal standard. For 
29
Si NMR spectra acquisition a Bruker
AMX 500 NMR spectrometer operating at 500 MHz decoupler and 100 MHz transmitter
frequency was used. The 
29
Si NMR spectra were recorded at room temperature
performing 2000 scans with a pre-scan-delay of 12.5 sec using 40 wt.-% in CDCl3 (99.5%
deutero GmbH) solutions containing 0.015 mol/L chromium(III)acetlyacetonate (purum,
Fluka) as a paramagnetic relaxing agent. Tetramethylsilane (puriss, Fluka) was used as
internal standard. The spectra were flattened by numerically subtraction of a baseline,
recorded using pure solvent as sample.
Molar mass distributions were obtained with two different setups. The first setup consists
of an analytical SEC with THF (p.a., Merck) as solvent at a flow rate of 1.5 mL/min
equipped with Waters μ-Styragel columns (30cm length) with nominal pore sizes of 10
6
,
10
5
, 10
4
,10
3
 and 500 Å and a guard column. Setup no.2 consisted of two Waters μ-
Styragel columns (30cm length) with nominal pore sizes of 1000 and 100 Å, one PSS-
Mainz-SDV column (60cm length) with a nominal pore size of 50 Å and a guard column
at 1.0 mL flow rate. In both cases sample detection was performed by a Waters 410
differential refractometer serially connected with an evaporative light scattering detector
(PL-ELS-1000, polymer laboratories). For analyzing samples with the evaporative light
scattering detector (ELS detector ) 20 μL sample volume was injected. For analyzing
samples with the refractive index detector 100 μL sample volume was injected. The
sample concentration was 20 mg/mL. For calibration narrow molar mass distributed
linear polystyrene samples (PPS Mainz) were used (PSCalib) or the universal calibration
curve for polyethoxysiloxanes as derived in Chapter 3 (Unical).
Infrared spectra were measured with a Bruker IFS 66V vacuum spectrometer using KBr
pellets in case of solids and KBr plates in case of liquid samples.
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6.2.3 Synthesis
Synthesis of titanate derivatized polyethoxysiloxane 3g of a 33 wt.-% solution of
polyacetoxyethoxysiloxane (6.0 mmol acetoxygroups and 4.5 mmol ethoxygroups; sum
formula: {SiO((OCOCH3)0.57(OCH2CH3)0.43)2]1.6[SiO2]}n as determined via silicon
elemental analysis and 
1
H NMR) in toluene was synthesized as described in chapter 5.
This solution was mixed with a solution of 1.7g (7.45 mmol) TEOT in 1.4 g toluene,
which means a slight excess of TEOT compared to the acetoxygroups was used. During
the addition of the TEOT the temperature of the mixture increased to 40°C. The solution
was stirred and heated at 60°C for 5 h using a magnetic stirrer. After cooling to room
temperature volatile compounds and toluene were distilled off at 80°C and 1 mbar
pressure leaving 2.29 g (theory: 1.89 g assuming the sum formula {SiO((OTi((OEt)0.8(Oi-
Pr)0.2)3)0.57(OEt)0.43)2]1.6 [SiO2]}n ) of a brownish to black, glassylike substance soluble in
toluene or deuterochloroform.
IR (CCl4): 664, 757(solvent), 791(solvent), 926(w), 1075(sh), 1112, 1164(sh), 1408,
1448, 1560, 1649, 2902, 2930, 2979, 3140(br), 3317(br); 
1
H NMR (CDCl3; 400MHz)
(ppm) = 4.48 (8.28H, broad), 3.87 (9.02H, broad), 3.60 (1.00H, broad), 2.07 (8.35H,
broad), 1.23 (35.26H, broad); 
13
C NMR (CDCl3; 100MHz) (ppm) = 72.95(broad),
59.18(broad), 25.30(broad), 23.34 (broad), 17.96(broad).
Synthesis of diethylphosphate
Diethylphosphate is formed via reaction of diphosphoruspentoxide with triethylphosphate
and ethanol.
[64]
 18.2 g (0.1 mol) of triethylphosphate was reacted with 14.2 g (0.1 mol) of
diphoshoruspentoxide in a three necked flask, equipped with a thermometer, inlet for
argon and a drying tube filled with dry silica gel. The pentoxide was added in small
portions that the inner temperature did not exceed 60°C. The mixture was stirred at 60°C
for 20 h. The reaction mixture was allowed to cool to room temperature and a high
viscous residue was obtained. 13.8 g (0.3 mol) ethanol (absolute, Seccosolv, Merck) were
added to this mixture at room temperature. After 3h all volatile compounds were removed
at 30°C and 20mbar pressure giving 44.32 g (96% of theory) of diethylphosphate in 56%
purity (
31
P NMR).
31
P NMR (CDCl3; 162 MHz) (ppm) = 0.85, -0.32, -1.57, -12.75, -13.48, -13.80, -14.14, -
-14.24 
1
H NMR (CDCl3; 400 MHz) (ppm) = 11.66 (75H, s, broad), 4.21 (70H, q, J = 7.1
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Hz), 4.10 (180H, q, J = 7.2 Hz), 3.76 (20H, q, J = 7.1 Hz), 1.39 (shoulder of peak at 1.35
ppm), 1.35 (380H together with peak at 1.39 ppm, t, J = 7.1 Hz), 1.26 (30H, t, J = 7.1 Hz)
13
C NMR (CDCl3; 100 MHz)  [ppm] (peakheight [a.u.]) =15.96 (0.23), 16.06 (0.94),
16.13 (1.00), 16.20 (0.18), 17.46 (0.06), 58.28 (0.08), 63.47 (0.05), 63.75 (0.66), 63.80
(0.64), 64.07 (0.22), 64.13 (0.22), 64.75 (0.07), 64.80 (0.06), 64.86 (0.07), 65.51 (0.2),
65.57 (0.12)
Reaction of tetraethoxysilane with dibutylphosphate 0.1 mol TEOS and 0.1 mol
dibutylphosphate were reacted at 120°C for 120 h in a 100 mL one necked round bottom
flask equipped with a condenser with an inlet for nitrogen and a drying tube filled with
silica gel. During the reaction 2 g of a mixture consisting of 95 wt.-% ethanol (41% of
theory) and 5 wt.-% ethyl butyl ether (
13
C NMR chemical shifts; 100MHz; CDCl3: 70.58
ppm, 66.18 ppm, 31.91 ppm, 19.42 ppm, 15.19 ppm, 13.94 ppm)
[65]
 were removed via
distillation. Further 19% ethanol compared to the theoretical yield were removed in
vacuum at 3 mbar and 40°C as 3.9 g of a mixture consisting of 22 wt.-% ethanol, 2 wt%
ethyl butyl ether and 76 wt.-% TEOS. Overall 61 mmol (61% of theory) ethoxygroups
were removed as ethanol and ethyl butyl ether via distillation. During the reaction
samples were taken and subjected to NMR analysis.
Reaction of polyethoxysiloxane with dibutylphosphate: 13.4 g of polyethoxysiloxane (0.2
mol ethoxy groups) as received from the synthesis of tetraethoxysilane with acetic
anhydride using 0.16 mol-% TEOT (TEOT) as catalyst (see Chapter 3) were mixed with
with 42.4 g (0.2 mol) dibutylphosphate in a 100 mL one necked round bottom flask
equipped with a distillation bridge, having an inlet for nitrogen, thermometer and a drying
tube filled with dry silica gel. The mixture was heated while stirring with a magnetic
stirrer at 130°C. Samples (0.5 g) were taken after 48 h, 96 h and 120 h reaction time and
subjected to NMR and SEC analysis. During the reaction 2.80 g of a mixture consisting of
45 mmol ethanol and 7.4 mmol ethyl butyl ether were distilled off giving a total amount
of 52.4 mmol (26.2% of theory) ethoxygroups distilled off. After 96 h of reaction time the
mixture was slightly turbid. After 120 h reaction time the reaction was stopped, because a
white precipitate had formed. After filtration and washing the precipitate with two times
of 20 mL toluene and drying of the white solid in a vacuum drying chamber at 10 mbar
and 60°C for 12 h the mass of this precipitate was determined to 0.7 g. The liquid
received after this filtration step was subjected to vacuum distillation using a 100 mL two
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necked round bottom flask equipped with a dephlagmator (10 cm) and a distillation
bridge. Up to 100°C oil bath temperature and 0.9 mbar pressure 4.02 g of a mixture of
64.8 mmol ethanol, 7.9 mmol ethyl butyl ether, 1.06 mmol tetraethoxysilane and a small
amount of butanol was trapped inside the cooling trap filled with liquid nitrogen. Further
3.4 g of a mixture consisting of 56.2 mmol ethanol and 11 mmol butanol were received
while increasing the oil bath temperature to 170°C and decreasing the pressure to 0.14
mbar. Increasing the temperature furthermore to 180°C / 0.05 mbar the head temperature
raised to 102°C and 8.4 g of a transparent liquid were distilled off consisting of 98 wt.-%
tributylphosphate (CDCl3: 
31
P NMR (ppm)= -0.717; 
13
C NMR  (ppm)= 67.41, 67.34,
32.43, 32.37, 18.75, 13.60) and 2 wt.-% ethanol. The distillation was terminated at this
point because the magnetic stirred stopped due to the high viscosity of the residue. The
residue (31.8 g) was a brown very high viscous liquid. For storage it was dissolved in 9.3
g chloroform. The residue is also soluble in acetone and tetrahydrofurane. With hexane a
white precipitate is formed, whereas in toluene only a slight turbidity can be determined.
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Figure 6.2: Schematic drawing of some possible reactions involved during reaction of
polyacetoxyethoxysiloxane with TEOT. The wavy bonds are symbols for the polymeric
backbone.
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6.3 Results and Discussion
Synthesis of titanate derivatized polyethoxysiloxane The scope of this part of the
discussion section is to elucidate the molecular structure of the product obtained from the
reaction of polyacetoxyethoxysiloxane with TEOT. The reaction was performed in order
to get a polymer having SiOTi(OR)3 groups. This means the desired reaction is the
heterocondensation reaction between an acetoxy group at a silicon atom with TEOT
under the evolution of alkylacetate as depicted in Figure 6.2. Beside of the desired
reaction many other side reactions are possible. For instance the exchange of acetoxy and
ethoxy groups between silicon and titanium or cross-linking reactions via homo- as well
as heterocondensation. To investigate the molecular structure, the molar mass distribution
and the occurrence of such side reactions 
1
H NMR, 
13
C NMR, 
29
Si NMR, IR
spectrometry and SEC was used. Figure 6.3 shows parts of the 
1
H NMR spectra of
polyethoxysiloxane (I) and the reaction product (IV) of polyacetoxyethoxysiloxane (II)
with TEOT (IV). In the spectrum of polyethoxysiloxane two broad peaks can be
distinguished at 3.86 ppm and 1.24 ppm belonging to ethoxygroups bonded to silicon
atoms.
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Figure 6.3: Parts of the 1H NMR spectra of polyethoxysiloxane (I) and of the reaction
product (IV) of polyacetoxyethoxysiloxane (II) with TEOT (III). The grey lines correspond
to integral curves of each spectrum respectively. The spectra were normalized and shifted
vertically for clarity.
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In the spectrum of polyacetoxyethoxysiloxane a third broad peak can be observed at 2.10
ppm, which is due to acetoxy groups attached to silicon atoms. The titanium alkoxide was
used as received and according to the product description it contains 20 mol-%
tetraisopropyl orthotitanate. The 
1
H NMR spectrum shows two broad peaks. The one at
4.32 ppm is due to the CH2 and CH groups, whereas the other one at 1.27 ppm is caused
by CH3 groups. A hint for the assumption that the material used is not only a true mixture
of tetraethyl orthotitanate and tetraisopropyl orthotitanate is the broadness of the peak at
4.32 ppm. Expected for a true mixture of both compounds is a septett for the CH of the
isopropoxy groups at 4.49 ppm and a quartett for the CH2 groups of the ethoxide at
4.36ppm.
[66]
 The broadness can be caused by the three different molecular species having
ethoxy- as well as isopropoxy groups at one titanium center in addition to the pure
substances having only ethoxy- or isopropoxy groups.
The reaction product of polyacetoxyethoxysiloxane with TEOT shows mainly four broad
peaks at 4.48 ppm (a), 3.87 ppm (b), 2.07 ppm (c) and at 1.23 ppm (d). The peak denoted
with a is due to alkoxy groups linked to titanium. Compared to the spectrum of the
titanium alkoxide used it is shifted to the expected position of the CH proton of an
isopropoxy group linked to titanium. The peak denoted b is due to ethoxygroups linked to
silicon. The peak denoted with c belongs to residual acetoxygroups and the one denoted
with d is due to all methyl groups in the product. Taking a look to the peakareas of the
peaks, it can be observed, that the relative amount of acetoxy groups in the product
compared to ethoxy groups at silicon atoms decreases roughly by a factor of 2 caused by
the condensation process under evolution of acetic acid ethyl ester.
Taking a look to the 
13
C NMR spectra in Figure 6.4 similar observations can be made. As
well as in Figure 6.3 four spectra are shown belonging to polyethoxysiloxane (I) and the
reaction product (IV) of polyacetoxyethoxysiloxane (II) with TEOT (III). In the spectrum
of polyethoxysiloxane two peakgroups can be distinguished at 59.22 ppm and 18.08 ppm
belonging to the ethoxy groups attached to silicon atoms. In the spectrum of
polyacetoxyethoxysiloxane another two broad peak can be observed in addition at 168.80
ppm (e) and 22.22 ppm (c), which are due to acetoxy groups at silicon atoms as well. The
peaks in spectrum (III) are due to the alkoxy groups at titanium. The peaks at 69.54 and
18.96 belong to ethoxy groups, whereas the peak at 25.95 is due to the methyl carbon
atoms of isopropoxy groups. The peak corresponding to the CH carbon atoms of the
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isopropoxy groups was not detected (theoretically expected at 76.23 ppm)
[66]
 presumably
because of the bad signal to noise ratio.
In the reaction product the methylene carbon atoms from the ethoxy groups at titanium
cause the broad peak at roughly 72.4 ppm (a). The peaks at 25.32 ppm and 23.34 ppm
denoted with c´ and c´´ might be caused either from residual acetoxy groups or from
isopropoxy groups. A hint that these signals are caused by residual acetoxy groups are the
peaks at 169.69 ppm (e´) and 168.58 ppm (e´´) belonging to carbonyl atoms. Two
important facts has to be mentioned: at first the signal of the methyl carbon atoms of the
residual acetoxy groups in the reaction product is splitted into two signals (c´ and c´´) and
both are downfield shifted compared to polyacetoxyethoxysiloxane and at second the
broadness of the signal belonging to the methylene carbon atoms in the ethoxy groups of
the reaction product is much smaller as the one in the spectrum of
polyacetoxyethoxysiloxane (II). The first observation indicates a change of the chemical
surrounding of the residual acetoxygroups, which means they are bonded to titanium
atoms and not to silicon atoms.
75 70 65 60 55 50
SiOCH2CH3
SiOCH2CH3
SiOCOCH3
SiOCH2CH3
SiOCOCH3SiOCH2CH3
TiOCH(CH3)2
TiOCH2CH3TiOCH2CH3
e´´e´
c´´c´
 
toluene-d8
a
db
13C NMR Chemical Shift [ppm] - TMS
170 165
IV
III
II
I
 
25 20 15 10
 
Figure 6.4: Parts of the 13C NMR spectra of polyethoxysiloxane (I), and of the reaction
product (VI) of polyacetoxyethoxysiloxane (II) with TEOT (III). The spectra were
normalized and shifted vertically for clarity.
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Later on this statement will be further supported discussing the IR spectra in Figure 6.5.
Therefore the second observation seems to be due to the absence of acetoxy groups at
silicon atoms. Acetoxy groups attached to silicon atoms seem to broaden the signal from
the methylene carbon atoms of ethoxygroups attached to silicon. Figure 6.5 shows the IR
spectra of polyethoxysiloxane (I) and the reaction product (III) of
polyacetoxyethoxysiloxane (II) with TEOT (IV) in the range of 2000 cm
-1
 to 400 cm
-1
. In
the spectrum of polyethoxysiloxane five peaks are marked with the letters a to e. The
peaks will be discussed as they belong to different vibrational modes of structural
subunits of the polymer.
[67,68]
 The peak marked with a at1167 cm
-1
 is due to the
asymmetric vibration of silicon-oxygen-silicon groups being in a branched or cyclic
environment, whereas the one at 1084 cm
-1
 denoted with b comes from Si-O-Si subunits
in linear environment. The peak at 973 cm
-1
 marked with c belongs to the stretching
vibration of Si-O-C units. The peak at 796 cm
-1
 is due to the symmetric Si-O-Si vibration
and is normally IR inactive, but nevertheless visible because of the distorted symmetry
around this group in the polymer. The bending vibration of the Si-O-Si groups can be
observed at 479 cm
-1
. Taking a look to the spectrum of polyacetoxyethoxysiloxane the
vibration arising from the carbonyl function of the acetoxy groups can be clearly
determined at 1749 and 1713 cm
-1
.
[69]
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Figure 6.5: IR-spectra (2000-400 cm-1) of polyethoxysiloxane (I) and the reaction product
(III) of polyacetoxyethoxysiloxane (II) with TEOT (IV). The spectra were normalized and
shifted vertically for clarity. The open ended peaks at 780 cm-1 in spectrum (II) and (III) are
due to CCl4 and were omitted for clarity.
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These peaks are no more observable in the spectrum of the reaction product, although two
other broad peaks at 1560 and 1445 cm
-1
 can be observed. These peaks are due to acetoxy
groups bonded to titanium atoms via both oxygen atoms either to one titanium atom or to
two titanium atoms in a bridging manner.
[70-72]
 (If the acetoxy groups would be bonded
with only one oxygen atom, the peaks should be at 1720 and 1300 cm
-1
). In the 
13
C NMR
spectrum of the reaction product in Figure 6.4 IV the signal from the methyl carbon atoms
of the acetoxy groups is splitted into two peaks (c´ and c´´). Therefore some of the
acetoxy groups are bonded via both oxygen atoms to one titanium atom, whereas others
are bonded to two titanium atoms in a bridging manner. Evidence for the occurrence of
Si-O-Ti bonds can be taken from the peak in the IR spectra at 926cm
-1
 which is close to
the vibration of 932 cm
-1
 observed in titanium silsequioxane complexes for the vibration
of Ti[OSi]x groups
[73]
 or to the vibration of Si-O-Ti groups in
tetrakistrimethylsilyloxytitanium at 919 cm
-1
.
[74,75]
 Other groups do assign such peak to
960 cm
-1
 or to 940 cm
-1
 observed in fully hydrolyzed and condensed mixed alkoxide
systems.
[76]
 Vibration bands in this spectral region can be also observed in mixed oxidic
silicon titanium oxide aerogels prepared by supercritical drying and are as well assumed
to correspond to the symmetric stretching vibration of Si-O-Ti units.
[52]
 Bands arising
from Ti-O-Ti groups, which were observed by other authors at 820 and 763 cm
-1
,
[74]
cannot be observed here because of the overlap with the intense band due to the solvent
CCl4.
29
Si NMR investigations were used to elucidate the chemical surrounding of the silicon
atoms in the product. Figure 6.6 shows three 
29
Si NMR spectra: (I) the one for
polyethoxysiloxane for comparison, (II) the spectrum of polyacetoxyethoxysiloxane and
(III) the spectrum of the reaction product with TEOT. The spectrum of
polyethoxysiloxane was already discussed in Chapter 3 and only a short description will
be given here. The peak at -81.88 ppm is due to tetraethoxysilane (TEOS), the peakgroup
at –88.99 ppm is due to terminal units having three ethoxy groups (T), the one at –96.57
ppm corresponds to linear units having two ethoxy groups (L), and the peakgroups
marked with sD at –103.3 ppm and D at –109.7 ppm belong to semi-dendritic and
dendritic groups having one or no ethoxy group respectively. The spectrum of the
polyacetoxyethoxysiloxane (II) as received from reaction of polyethoxysiloxane with
acetic anhydride as described in Chapter 5 shows at least two more peakgroups. They are
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marked with apostrophes (T´ at –93.65 ppm, T´´ at –97.4 ppm, L´ at –101.6 ppm and sD´
at –105.2 ppm). Each apostrophe means that one ethoxy group is replaced by an acetoxy
group. The assignment of the peakgroup marked with T´´ is not fully clear. It corresponds
either to terminal silicon atoms having one ethoxy and two acetoxy groups or it belongs to
linear units having two ethoxy groups (L). From the 
1
H NMR and silicon elemental
analysis the ratio of acetoxy groups to ethoxy groups in the product is 4 to 3. Calculating
this ratio using the peakareas of the 
29
Si NMR spectrum it is more likely that this
peakgroup belongs to terminal units having two acetoxy groups giving a ratio of acetoxy
to ethoxy groups of roughly 1:1 instead of 0.5 to 1 assuming this peaks is caused by linear
subunits. Similar peaks as in the reaction product here were observed in the
polycondensation products of acetoxytriethoxysilane without using a catalyst and were
already discussed in chapter 3.
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Figure 6.6: 
29Si NMR spectra of polyethoxysiloxane (I), and of the reaction product (III) of
polyacetoxyethoxysiloxane (II) with titanium ethoxide. The spectra were normalized and
shifted vertically for clarity. The peaks are labeled with letters corresponding to the
different building blocks shown at the top.
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The 
29
Si NMR spectrum of the reaction product of polyacetoxyethoxysilane with TEOT
(spectrum III in Figure 6.6) is quite noisy. Nevertheless clearly two broad peaks can be
observed at –96.1 ppm (L) and –103.9 ppm (sD). Knowing from the IR spectra, that no
acetoxy groups are attached to silicon atoms, the peak marked with L must be due to
linear units having two ethoxy groups, whereas the one marked with sD must belong to
semi-dendritic units having only one ethoxy group. But it is not possible to determine if
the silicon atoms are linked additionally to titaniumoxy groups.
Investigation of the molar mass distribution with SEC of the product (Figure 6.7 straight
line) revealed a bimodal distribution with a peak in the low molar mass and one in the
very high molar mass region. The molar mass distribution of the low molar mass peak is
similar to that one of the initial polyethoxysiloxane (dotted line) before reaction with
acetic anhydride to polyacetoxyethoxysiloxane (dashed line). The peak corresponding to
polyethoxyacetoxysiloxane is in between the low and the high molar mass peaks of the
product. This means the polymer has been partly decomposed by the reaction with TEOT
The high molar mass peak shows the occurrence of cross-linking reactions, which are not
expected if the TEOT reacts only in a polymer analogous way with the acetoxy groups at
the silicon atoms. Table 6.1 summarizes the calculated average molar masses as derived
from SEC.
Figure 6.7: Normalized size exclusion chromatograms of polyethoxysiloxane (dotted),
polyacetoxyethoxysiloxane (dashed) and the reaction product of polyacetoxyethoxysiloxane
with TEOT. For calibration the universal calibration curve as derived for
polyethoxysiloxane (see Chapter 3) was used.
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Table 6.1: Average molar masses of polyethoxysiloxane, polyacetoxyethoxysiloxane and of 
product of polyacetoxyethoxysiloxane with TEOT as derived from the SEC traces in Figure 
6.7. 
 Mn [kg/mol] Mw [kg/mol] 
polyethoxysiloxane 1.7 4.1 
polyacetoxyethoxysiloxane 4.2 37.2 
reaction product with TEOT 3.1 1098.0 
low molar mass peak 1.9 7.4 
high molar mass peak 409.0 2800.0 
 
To conclude the results obtained from the spectrometric and SEC investigations the 
reaction of polyacetoxyethoxysiloxane with TEOT proceed not only in the desired way as 
depicted in Figure 6.2, but also side reactions occur. IR spectrometry shows an acetoxy 
group exchange between silicon and titanium. No acetoxy groups remain linked at silicon 
atoms but some are linked to titanium. High molar mass products produced via cross-
linking reactions can be observed with SEC. But no distinction can be made if these 
products are caused via homo- or heterocondensation. To decide which type of 
condensation is favored the same type of reaction has to be performed with for instance 
tetrabutyl orthotitanate, giving the chance to distinguish between the two condensation 
products ethylacetate or butylacetate respectively. 
 
Synthesis of polydibutylphosphorylsiloxane 
The reaction of dialkylphoshoric acid ester with ethoxygroups of silicon atoms should 
give a covalent linkage between silicon and phoshorous under the evolution of ethanol 
(Figure 6.8). As derivatization agent diethylphosphoric acid ester was chosen first. 
 
 
Figure 6.8: Schematic drawing of the derivatization reaction of an ethoxy group attached 
to a terminal silicon atom with a dialkylphosphoric acid ester resulting in a silicon-
phosphorus linkage via an oxygen bridge. 
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This substance was not commercially available and therefore it was synthesized using a
procedure described in literature.
[64]
 Triethylphosphate was reacted with phosphorus
pentoxide in stoichiometric ratio yielding ethylmetaphosphate having the sum formula
PO2OEt. This substance is highly viscous and consists presumably of polymeric
molecules. The 
31
P NMR spectrum of this substance (Figure 6.9a) shows beside of the
phosphoric acid peak used as external standard, three major peakgroups belonging
presumably to terminal (-12.8 to –16.7 ppm), linear (-25.7 to –33.2 ppm) and dendritic
units (-42.4 to –46.2 ppm) respectively. This assignment is supported by investigations of
the chemical shifts for different alkylpyrophosphates for instance. For example signals of
tetraethylpyrophosphate are located in the range of –10.8 to 14.7 ppm depending on
solvents for sample and external standard.
[77-87]
 Diethyldimethylpyrophospahte show
signals at –10.7 and –13 ppm
[88]
 and tetramethylpyrophosphate at –13.2 ppm.
[89]
Penta(neopentyl)triphosphate gives signals at –12.85 ppm (doublet JPOP=14Hz) and at –
24.86 ppm (triplett JPOP=14Hz) caused by terminal and linear groups respectively.
[81]
Using the peakarea of the different peakgroups as a measure for the molar ratio of these
groups as in the case of the polyethoxysiloxanes, the degree of branching numbers 0.11,
showing a mainly linear molecular structure.
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Figure 6.9: 
31P NMR spectra of diethylphosphate (b) having a purity of 60%, synthesized
via treatment of ethylmetaphosphate (a) with ethanol. The grey lines correspond to integral
curves of each spectrum respectively. The spectra were normalized and shifted vertically
for clarity.
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Furtheron this substance was treated with ethanol causing fission of P-O-P bonds yielding
diethylphosphate in 56 mol-% purity as calculated from the peakareas of the 
31
P NMR
spectrum in Figure 6.9. The spectrum shows beside of the product peak at –0.31 ppm
(marked with number 2) further peaks belonging to ethylphosphate having only one
ethoxy- but two hydroxygroups at 0.93 ppm (marked with the number 1) and
triethlyphosphate at –1.67 ppm (marked with the number 3).
[80]
 (Taking a look to this
series one would expect the signal of phosphoric acid to be higher than 0.93, but in fact it
is in between at 0 ppm, which is presumably caused by the deuteriumoxide used as
solvent for the phosphoric acid as external standard, compared to deuterochloroform used
as solvent for the analytes)
[90]
 Beside of these monomolecular impurities also dimeric
impurities can be observed. Four peaks in the spectrum in the range of –12.9 to -15.7 ppm
indicate dimeric compounds. No distinct assignment can be made, but the peaks are
presumably caused by molecules differing in the amount of hydroxygroups attached to
phosphorus. Because of the insufficient purity of the diethylphosphate, another
derivatization agent for the reaction with polyethoxysiloxane was chosen. Commercially
available dibuthylphosphate has a purity of 98.5 mol-% as derived from the 
31
P NMR
spectrum shown in Figure 6.10. The peak denoted with a at 0.53 ppm belongs to
dibuthylphosphate, the one denoted with b at 0 ppm belongs to the external standard
phosphoric acid, the peak at –0.86 ppm corresponds to tributhylphosphate and the one at –
5.41 is due to the internal standard triphenylphosphin used in addition to phosphoric acid.
At first a model system was chosen to test the desired reaction pathway shown in Figure
6.8.
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Figure 6.10: 31P NMR spectrum of commercially available dibutylphosphate having a
purity of 98.5 mol-%. Peaks: (a) dibutylphosphate, (b) external standard phosphoric acid
(c) tributylphosphate and (d) internal standard triphenylphosphin.
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The system consisted of stoichiometric amounts of tetraethoxysilane and
dibutylphosphate reacted at 120°C for prolonged time. A first hint that the reaction of
tetraethoxysilane with dibutylphosphate proceeded in the desired way was the evolution
of ethanol removed via distillation during the reaction. But even after 5 d at 120°C no
quantitative yield of ethanol could be achieved. 41% of the theoretical amount of ethanol
was removed during the reaction as a mixture of 95 wt.-% ethanol and 5 wt.-% butanol.
Further 19% were removed in vacuum at 3 mbar and 40°C as a mixture of 22 wt.-%
ethanol and 78 wt.-% tetraethoxysilane. A small amount of roughly 5% could not be
removed via distillation using the described conditions and was left in the reaction
mixture giving a total yield of 65% ethanol compared to theory. The evolution of butanol
during the distillation of the reaction products is a first hint that a side reaction occur
during reaction of tetraethoxysilane with dibuthylphosphate. Two of such butanol
producing side reactions are depicted in Figure 6.11. Beside of these side reactions also
other side reaction can occur like the exchange of hydroxygroups or water producing
reactions, which are not depicted in this figure.
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Figure 6.11: Main reaction and some possible side reactions during synthesis of
dibutylphosphoryltriethoxysilane (DBPTES). The water producing side reactions are
omitted.
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To investigate the products obtained samples were taken during the reaction and subjected
to 
1
H, 
13
C and 
31
P NMR analysis. On the last sample after 120 h also 
29
Si NMR analysis
was performed. The obtained NMR spectra as shown in Figure 6.12 and Figure 6.13 will
be discussed in different sections.
At the top of Figure 6.12 six different molecules are drawn schematically and labeled
with different letters. The two educts dibutylphosphate and tetraethoxysilane are labeled
with the letters A and B respectively. Furthermore the two main products
dibutylphosphoryltriethoxysilane (DBPTES), ethanol and two possible side products are
shown in addition. Carbon atoms are labeled with the numbers 1 to 8, to which also the
peak labels in the spectra refer. The 
1
H NMR spectrum as shown at the left of Figure 6.12
shows several peakgroups labeled with the numbers 1 to 8. These peaks correspond to
hydrogen atoms of the carbon atoms, sketched as numbers in the different molecules at
the top. The peak labeled with 1 belong to hydroxygroups attached to phosphorus. The
peakgroups with the number 2,3,4 and 5 corresponds to hydrogen atoms of butoxy
groups. The signals of the methylene groups directly attached to the oxygen atom of the
butoxygroups can be divided into at least two quartets labeled with 2´ and 2´´ with its
centers at 4.02 ppm and 4.07 ppm respectively. The one at 4.02 ppm is due to the educt
dibutylphosphate, whereas the other one is proposed to correspond to the product
dibutylphosphoryltriethoxysilane (DBPTES). The signals being due to the methyl groups
of ethoxygroups are labeled with the number 7. The quartet due to methylene groups of
ethanol is numbered with 8, whereas the one belonging to the educt TEOS is labeled with
6´. The quartet labeled with 6´´ is proposed to belong to the methylene groups of the
ethoxygroups of the product DBPTES. The assignments of the quartets 2´´ and 6´´ to the
product is supported taking a look to the peakareas. All spectra were normalized
according to the peakarea of the peakgroup labeled with the number 3, which means
indeed to the molar amount of butoxygroups in the reaction mixture. Taking a look to the
other peakareas one can see on the one hand a decrease of the molar amount of OH
groups attached to phosphorus and of TEOS and ethanol, which is distilled off during the
reaction. On the other hand one can see an increase in height and area of the quartet
labeled with 6´´, which must be due to a main product of the reaction. A similar increase
of the quartet 2´´ can be observed in addition.
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Similar observations as in the case of the 
1
H NMR spectra can be made taking a look to
the 
13
C NMR spectra in the middle part of Figure 6.12. The peaks or peakgroups are
labeled the same way as in the 
1
H NMR spectra. Each number refers to carbon atoms in
the schematic drawings of molecules at the top of the figure. The peakgroup labeled with
the number 2 corresponds to the carbon atoms directly linked to oxygen atoms of
butoxygroups. In the spectra after 3 h reaction time this peakgroup consists of two
doublets with their centers at 67.58 ppm (JCOP = 6.1Hz) and 67.23 ppm (JCOP = 5.7Hz)
respectively. The intensity of the one at 67.23 ppm marked with 2´ decreases with
reaction time and corresponds to the educt dibutylphosphate, whereas the intensity of the
other one marked with 2´´ increases and is due to the product DBPTES. The peakgroup
labeled with 3 is also due to butoxygroups and consists at the beginning of the reaction
also of two doublets with its centers at 32.39 ppm (JCCOP = 7.2Hz) and 32.36 ppm (JCCOP
= 6.8Hz). With increasing reaction time a third doublet appears, which coincide partly
with the other doublets and having its center at 32.32 ppm (JCCOP = 7.9Hz). The
peakgroup labeled with the number 4 at 18.75 ppm is also due to butoxygroups and shows
at low reaction times one peak with a highfield shifted shoulder. With increasing reaction
time a third peak is appearing at 18.78 ppm, but not well resolved. Peakgroup number 5 at
13.56 ppm is due to the methylcarbon atoms of the butoxygroup and appears mainly as
one peak with one to two shoulders depending on reaction time. The species containing
ethoxygroups can also be resolved very clearly. The methylene group of TEOS appears at
–59.21 ppm and is labeled with 6´, the one due to ethanol is labeled with 8 at 58.18 ppm,
whereas the one belonging to the product DBPTES have its signal at 59.96 and is labeled
with 6´´. Two other peaks appear from 20 h reaction time on, one at 59.92 ppm and one at
59.32 ppm. Their intensity increases with increasing reaction time . These small peaks
indicate side products having ethoxygroups. The methyl carbon atoms of the
ethoxygroups of the species already described can be also observed in the methyl
peakgroup labeled with the number 7 at 18.20 ppm (TEOS), 18.02 ppm (ethanol), 17.96
ppm (DBPTES) and 18.24 and 18.04 ppm for the ethoxy containing side products. To
summarize the informations obtained from the 
13
C NMR spectra, during the reaction the
amount of TEOS, dibutylphosphate and ethanol decreases, whereas the amount of the
product DBPTES and of side products increase. The side products contain ethoxygroups
presumably linked to silicon as well as butoxygroups linked to phosphorus. The most
interesting spectra are the 
31
P and 
29
Si NMR spectra.
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At the right side of Figure 6.12 the 
31
P NMR spectra are shown. Each spectrum was
normalized according to the sum of the area of all peaks. The peaks are labeled with
different capital letters as they belong to molecules schematically drawn at the top of the
figure. Peak A at 0.02 ppm is due to the educt dibutylphosphate and decreases in intensity
with reaction time. The broadening of the peak with reaction time cannot be explained at
the moment. Peak C at –11.40 ppm corresponds to the product DBPTES. The intensity of
peak D at –2.10 ppm increases during the whole reaction time and is due to
tributylphosphate, as already seen in the 
1
H and 
13
C NMR spectra. Some other small
peaks can also be observed. The peaks labeled with E´´ at –22.32 ppm seems to be due to
phosphorus atoms having only one butoxygroup and are therefore in linear arrangement
as indicated in the schematic drawing at the top of the figure. Furthermore it seems they
are linked to a phosphourous as well as to a silicon atom via oxygen. The signal of the
terminal phosphorus atom of this molecule is one of the two small peaks at -11.65 and –
11.82 ppm near the product peak C. The other peak of these two small peaks and the one
marked with F´ at –9.52 ppm might be due to tributyldiphosphate.
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Figure 6.13: 
29 Si NMR of the reaction mixture of TEOS with dibutylphosphate after 120 h
reaction time. See text for explanation of the greek symbols.
As already described the sample taken after 120 h reaction time was also subjected to 
29
Si
NMR. The corresponding spectrum is shown in Figure 6.13. Two major peaks can be
observed of which the one at –81.89 ppm labeled with  is due to TEOS with a integrated
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intensity of 28%. The other one labeled with  at –91.17 ppm corresponds to the product
DBPTES and has a peakarea of 60%. Though the chemical shift is no proof that this peak
is due to the product, this peak must belong to a molecule having a silicon-oxygen-
phosphorus linkage. This can be concluded, because in literature such a peak at around –
91 ppm was only observed for a silicon atom having two hydroxygroups and belonging to
a cyclic molecule having four silicon atoms.
[91-93]
 Such a molecule is highly unlikely as a
product in the reaction here, because one would expect to see also signals from other
silicon atoms having hydroxygroups. But this is not the case. The signal labeled with ' at
–88.80 ppm corresponds to hexaethoxydisiloxane and the signal at –89.23 ppm labeled
with  is due to the terminal groups of octaethoxytrisiloxane.
[94,95]
 The signal
corresponding to linear groups of octaethoxytrisiloxane should be at –96.1 ppm, but
cannot be seen, presumably due to a too bad signal to noise ratio and a too low
concentration. The signals at –98.77 ppm and at –100.42 ppm labeled with  and ( might
be due to derivatives of hexaethoxydisiloxane having one ethoxy group replaced with a
dibutylphosphoryl group and to TEOS having two ethoxygroups replaced with
phosphoryl groups. Nevertheless the signals from these products are quite small and due
to side reactions.
To summarize the results from the NMR analysis studies the reaction of TEOS with
dibutylphosphate proceed partly in the desired way. The reaction itself is very slow. It
takes 120 h to get a remarkable quantity of the desired product in the reaction mixture.
Different side products can be clearly distinguished using NMR spectroscopic methods as
they are tributylphosphate, hexaethoxydisiloxane octaethoxytrisiloxane and
homocondensation products of dibutylphosphate. Nevertheless from the results obtained,
it seemed worthy to check also the reaction of polyethoxysiloxane with
dibuthylphosphate, which will be discussed in the next section.
Reaction of polyethoxysiloxane with dibutylphophate
The reaction of dibutylphosphate with polyethoxysiloxane was performed in a similar
way as the reaction with tetraethoxysilane. Both substances were mixed and heated at
130°C for 120 h while distilling off volatile condensation products at ambient pressure.
After that all further volatile compounds were removed in vacuum up to 180°C. It was
expected that similar side reactions occur as during the reaction with tetraethoxysilane
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(see Figure 6.11) Therefore the distillates were subjected to NMR analysis. During the
reaction ethanol and ethyl butyl ether was formed. At 170°C in vacuum also butanol was
removed. Compared to the amount of ethanol the amount of ethyl butyl ether numbers 9
mol-% and the amount of butanol was 7 mol-%. Furthermore at 180°C in vacuum
tributhylphosphate was distilled off the reaction mixture. Beside of ethanol none of the
compounds are expected and they are due to side reactions. A very interesting side
product is ethyl butyl ether, which has to be formed in a way not depicted in Figure 6.11.
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Figure 6.14: Schematic drawing of one possible side reaction occurring in the reaction of
polyethoxysiloxane with dibutylphosphate under the evolution of ethyl butyl ether via attack
of the oxygen atom of the alkoxy groups on phosphorus (a) or silicon (b) as indicated by the
curved arrows.
The schematic drawing in Figure 6.14 shows two possible ways for the formation of this
substance. Attack of the butoxy group on silicon or the ethoxy group on phosphorus cause
a linkage between both atoms, while ethyl butyl ether is eliminated. The
heterocondensation product formed via this way exhibits an hydroxyl group at the
phosphorus atom and can undergo further cross-linking reactions. Similar ether
elimination reactions were already postulated in the formation of some μ-
oxoalkoxides.
[24,25,32,50]
To determine the molecular structure of the polymeric condensation products NMR
investigations were performed. In Figure 6.15 and Figure 6.16 
1
H, 
13
C, 
31
P and 
29
Si NMR
spectra are shown which correspond to samples of the reaction mixture after 0 h at 130°C
(a), 48 h (b), 96 h (c), 120 h (d) and after 3 h at 180°C and 0.05 mbar (e). At the left side
of Figure 6.15 the 
1
H NMR spectra are shown and will be discussed briefly. At the top of
this figure some molecules and molecular groups are shown. The carbon atoms are
marked as they and their hydrogen atoms corresponds to the peaks in the spectra labeled
with the same numbers. Peak number 1, 3, 4, and 5 with its centers at 4.03 ppm, 1.67
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ppm, 1.42 ppm and 0.94 ppm respectively belong to butoxy groups attached to
phosphorus atoms. The peak of the hydroxy groups at phosphorus atoms can be seen at
11.64 ppm. This peak gets broader, the peakarea decreases and it shifts to high field
during the course of the reaction. After 120 h (spectrum d) there are still ethoxy groups
attached to silicon atoms and some hydroxy groups left in the mixture. But after treatment
at 180°C in vacuum no ethoxygroups and hydroxy groups can be observed anymore. In
the 
13
C NMR spectra one can see a splitting of the peaks 1 and 2 corresponding to the
methylene carbon atoms of the butoxy and of the ethoxy groups. The corresponding peaks
are marked with apostrophes. The splitting of peak number 1 is due to different products
having butoxy groups at the phosphorus atoms, and will be discussed in detail together
with the 
31
P NMR spectra.
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Figure 6.15: Series of 1H NMR (left) and 13C NMR spectra (right) of samples of the
reaction of polyethoxysiloxane with dibutylphosphate. After 0 h reaction time at 130°C (a),
after 48 h (b), after 96 h (c), after 120 h (d) and after complete conversion of all
ethoxygroups at 180°C for 3h in vacuum (e). The spectra are shifted vertically and in case
of the 13C NMR spectra also horizontally for clarity. The grey lines correspond to the
integral of the spectra. See text and the schematic drawings of some molecules and
structural units for explanation of the different numbers and letters.
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The splitting of the peak number 2 at 59.06 ppm into the peaks marked with 2´and 2´´ at
59.95 and 59.15 ppm respectively seems to be due to the desired heterocondensation
products, more precisely the peak 2´ seems to be due ethoxygroups at silicon atoms
having a dibutylphosphoryl group. More detailed informations about these products can
be obtained taking a look to the 
29
Si NMR spectra and will be discussed there.
At the left side of Figure 6.16 the corresponding 
31
P NMR spectra are shown. The peaks
are marked as they belong to phosphorus atoms of monomeric molecules (M), terminal
subunits (T), linear subunits (L) or to dendritic ones (D). Individual peaks are marked
with apostrophes to distinguish between them.
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Figure 6.16: Series of 31P NMR (left) and 29Si NMR spectra (right) of samples of the
reaction of polyethoxysiloxane with dibutylphosphate. After 0 h reaction time at 130°C (a),
after 48 h (b), after 96 h (c), after 120 h (d) and after complete conversion of all
ethoxygroups at 180°C for 3h in vacuum (e). The spectra are shifted vertically for clarity.
The grey lines correspond to the integral of the spectra. See text and the schematic
drawings of the molecular subunits at the top for explanation of the different numbers and
letters. Oxygen atoms having a subscript of ½ are linked to a hydrogen or butyl group,
phosphorus and silicon atoms having a subscript of 1/4 are linked to other phosphorus or
silicon atoms.
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At first the peaks corresponding to monomeric molecules will be discussed. The peak
marked with M´´ at 0.49 ppm is due to the educt dibutylphosphate. The peak M´´´ at –
1.06 ppm corresponds to tributylphosphate, whereas the one at 1.40 ppm seems to be due
to butylphosphate having two hydroxyl groups at the phosphorus atom and is also a side
product of the reaction, presumably caused by an OH group exchange between the
phosphorus species. Even after the distillation at 180°C at reduced pressure some
tributylphosphate remains in the reaction mixture and other distillation techniques like
thin layer distillation have to be used for further purification of the polymeric residue. The
peaks labeled with T are terminal phosphorylgroups attached either to siliconoxy or to
other phosphorusoxy groups. They will be assigned according to their chemical shift. It
seems the peak labeled with T´ at –12.9 ppm is due to terminal dibutylphosphoryloxy
groups attached to another phosphorusoxy group. Indeed this peak is due to
tetrabutyhlpyrophosphate with a chemical shift reported of –12.5 ppm.
[84]
 The peaks
labeled with T at –12.0 ppm (broad), T´´ at –9.7 ppm and T´´´ at –11.6 ppm are due to
phosphorus atoms linked to siliconoxy groups. The signal T´´ seems to be due to
phosphorus atoms having one siliconoxy group and instead of two butoxy groups one
replaced by an hydroxy group. The hydroxy group causes the downfiled shift of this peak
compared to the peak T´´´,which is due to triethoxysilyldibutylphosphate as already seen
discussing the reaction products of tetraethoxysilane with dibutylphosphate (Figure 6.12).
The broad signals at –19.5 ppm (L) and –31.8 pmm (D) are due to phosphorus atoms in
linear and dendritic arrangement respectively. But it cannot be decided if they are
exclusively linked to siliconoxy groups, or if these atoms are also linked to other
phoshorusoxy groups.
To get further insight into this question 
31
P NMR chemical shift data from literature for
different phosphates were plotted in Figure 6.17 together with the data obtained in this
work. Red crosses (x) correspond to trimethylsilylphosphates
[79,90,96-99]
, whereas black
crosses (+) correspond to alkylphosphates.
[77-89,100-102]
 The black (left sided) hatched bars
are data for ethylphosphates obtained in this work (see Figure 6.9). The blue circles as
well as the blue (right sided) hatched bars correspond to reaction products of
tetraethoxysilane and polyethoxysiloxane with dibutylphosphate respectively (see Figure
6.12 and Figure 6.16). Furthermore the data are grouped in three stacked groups
depending if they belong to terminal (T), linear (L) or dendritic (D) phosphoryloxy
groups.
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Figure 6.17: Comparison of 31P NMR chemical shifts of terminal dialkylphosphoryloxy
groups (T), linear monoalkylphosphoryloxy groups (L) and dendritic phosphoryloxy groups
(D). Crosses are data taken from literature. Red crosses correspond to
trimethylsilylphosphates[79,90,96-99], whereasblack crosses correspond to alkylphosphates.[77-
89,100-102] The black left sided hatched bars are data for ethylphosphates obtained in this
work (see Figure 6.9). The blue cyrcles as well as the blue right sided hatched bars
correspond to reaction products of tetraethoxysilane and polyethoxysiloxane with
dibutylphosphate respectively (see Figure 6.12 and Figure 6.16). The dotted lines are
linear fitting functions to the data.
For instance the red crosses correspond to mono(trimethylsilyl)-di(alkyl)phosphate (T),
bis(trimethylsilyl)-mono(alkyl)phosphate (L) and tris(trimethylsilyl)phosphate (D)
respectively. In case of the black crosses the data of the stacks marked with T, L and D
belong to phosporyl groups attached to two, one and zero alkyoxy and to one, two and
three phosphoryloxy groups respectively. The dotted lines are linear fitting functions to
the data respectively. The inverse of the slope of these functions gives the difference in
chemical shift caused by replacement of an alkoxy group by a trimethylsilyloxy (red: )P
= -9.2 ppm) or phosphoryloxy (black: )P = -15.8 ppm) group respectively. The blue
open circles are data for the reaction products of tetraethoxysilane with dibutyphosphate
and were attributed to triethoxysilyl-dibutyl-phosphate (T) and bis(triethoxysilyl)-
butylphosphate (L) respectively. A linear fit to this data as well as to the mids of the blue
(right sided) hatched bars corresponding to peaks obtained from the reaction product of
polyethoxysiloxane with dibutylphosphate gives a value of )P = -10.3 ppm for a
replacement of a butylgroup by a siliconoxy group. This value is quite similar to the one
obtained for the trimethylsilyl derivatives and is a strong hint for the linkage of the
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phosphorus atoms to siliconoxy groups in the products here. Nevertheless the phosphorus
atoms in linear and dendritic arrangement are not expected and due to side reactions.
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Figure 6.18: Schematic drawing of two possible reaction pathways during the reaction of
polyethoxysiloxane with dibutylphosphate resulting in the formation of
dibutylphosphoryloxytriethoxysilane via fission of Si-O-Si bonds and internal cross-linking
The 
29
Si NMR spectra of the samples after 48 h (b), 96 h (c) and 120 h (d) are plotted at
the right side of Figure 6.16 and show additional peaks compared with the spectrum of
polyethoxysiloxane (a). The peakgroups are marked with greek symbols. Peakgroups
labeled with , ', , ( and  are already known from the polyethoxysiloaxne and will not
be discussed in detail here. They are due to silicon atoms having four to zero ethoxy
groups, the other free valencies are occupied by siliconoxy groups. The peak group
labeled with  consists indeed of two peaks at –91.2 ppm and –91.3 ppm and is due to
butylphosphoryloxytriethoxysilane and dibutylphosphoryloxy-triethoxysilane. This can
be concluded from the chemical shift, which is quite similar to the one obtained from the
main reaction product of tetraethoxysilane with dibutylphosphate (compare Figure 6.13).
The occurrence of these compounds as well as the large amount of tetraethoxysilane has
to be due to a fission of terminal groups of the poylmer molecules. It seems
tetraethoxsilane is formed at this reaction temperature (compare chapter 4) and reacts with
dibutylphosphate. Figure 6.18 shows two possible reaction pathways for the formation of
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dibutylphosphoryloxytriethoxysilane via fission of Si-O-Si bonds and internal cross-
linking. The peak marked with  at –98.8 ppm corresponds to the desired structural units.
It is due to silicon atoms having two ethoxy groups and are linked to one siliconoxy as
well as to one phosphoryloxy group. As already seen in the 
1
H NMR spectra no ethoxy
groups can be observed anymore after the treatment at 180°C in vacuum. In the
corresponding 
29
Si NMR spectrum (e) no silicon atoms having ethoxy groups can be
detected as well. Only a quite broad peak can be distinguished from the noisy background
at roughly -112 ppm and belongs to dendritic silicon atoms. Nevertheless from the 
29
Si
NMR chemical shift no decision can be made if or how much phosphoryloxy groups are
attached to these silicon atoms. It is also possible, that only siliconoxy groups are attached
to them. To further investigate the molecular structure of the reaction products of
dibutylphosphate with polyethoxysiloxane samples were subjected to IR spectrometry.
Figure 6.19 shows several IR spectra in the region of 2000 to 400 cm
-1
. The spectrum
marked with the letter a corresponds to polyethoxysiloxane and was already discussed
above (Figure 6.5). The spectrum of dibutylphosphate (spectrum b) shows two intense
absorption bands at 1230 and 1030 cm
-1
. The first belongs to the stretching vibration of
the phosphoryl (P=O) group, whereas the other one is due to the asymmetric stretching of
P-O-C groups.
[103,104]
 The other spectra are due to samples after different reaction times
(c-f) and after complete conversion of all ethoxy groups (g). From the NMR investigation
it is known that the polymer contains phosphoryl groups in linear arrangement. If these
groups are linked to other phosporyl groups one would expect a asymmetric stretching
vibration of (O)P-O-P(O) groups at 950 cm
-1
.
[104,105]
 But due to the insufficient resolution
no decision can be made about this point. Comparison of the spectra shows the
occurrence of a weak double band at 681 and 658 cm
-1
 marked with an arrow in spectrum
g. It can be attributed to vibrations of Si-O-P groups. Raman spectroscopic investigations
of trialkoxysilylphosphates showed also vibration bands in this region and were attributed
to a Si-O vibration of Si-O-P groups.
[106]
 These bands cannot be seen in the other spectra
probably due to an insufficient amount of these groups in these samples. Other authors
report a vibration band according to Si-O-P groups at 1041 cm
-1
,
[75,107]
 which cannot be
seen in the spectra here because of the overlapping with bands caused by the Si-O-Si
groups. The molar mass distribution of the polymer was investigated using SEC. Figure
6.20 shows the corresponding refractive index signals.
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Figure 6.19: Infrared spectra of polyethoxysiloxane (a), dibutylphosphate (b), samples of
the reaction of polyethoxysiloxane with dibutylphosphate. After 0 h reaction time at 130°C
(c), after 48 h (d), after 96 h (e), after 120 h (f) and after complete conversion of all
ethoxygroups at 180°C for 3h in vacuum (g). The spectra are normalized  shifted vertically
for clarity.
As already described in Chapter 3 the polyethoxysiloxane (curve a) shows a negative
signal in the low molar mass region, which cannot be observed in the elugrams of the
samples of the reaction mixture (curves b-e). Furthermore the peakmaximum shifts to
lower molar masses during the course of the reaction, indicating a fission of Si-O-Si
bonds (compare Figure 6.18). In the elugram of the product after complete conversion of
the ethoxy groups (curve e) a intense peak at nearly 450 g/mol can be observed, which
can be due to such fission products or homocondensation products of dibutylphosphate,
like tetrabutylpyrophosphate with a molar mass of 402 g/mol.
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Figure 6.20: SEC elugrams (THF) of the reaction of polyethoxysiloxane with
dibutylphosphate. polyethoxysiloxane (a), after 48 h reaction time at 130°C (b), after 96 h
(c), after 120 h (d) and after complete conversion of all ethoxygroups at 180°C for 3h in
vacuum (e). The elugrams are shifted vertically for clarity.
An interesting observation was made, while testing the solublity of the reaction product
after complete conversion of the ethoxygroups. To further elucidate the composition of
the reaction mixture the solubility of the mixture in different solvents was tested. The
solubility behavior differs from the one of polyethoxysiloxane. Whereas both substances
are soluble in chloroform and acetone, a slight turbidity can be observed when dissolving
the product in toluene in contrast to polyethoxysiloxane. A white precipitate is formed in
hexane and indicates presumably the occurrence of silica or polyhydroxysiloxane in the
product. This can be concluded from the fact that adding hexane to hydrolyzed products
of polyethoxysiloxane dissolved in THF
[108,109]
 causes precipitation of these hydrolyzed
species as well.
To summarize the results obtained from spectrometric and SEC investigations the
reaction of dibutylphosphate with polyethoxysiloxane results in heterocondensation as
well as homocondensation products of dibutylphosphate. Degradation of the
polyethoxysiloxane can be observed indirectly because of the formation of
dibutylphosporyloxytriethoxysiloxane presumably followed by internal cross-linking. At
180°C all ethoxy groups are converted – but beside of the desired product also side
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reactions like the formation of silica or polyhydroxysiloxane occur. Future work has to
focus on reaction pathways using conditions for forming Si-O-P bonds, which diminish
the occurrence of side products.
6.4 Conclusion
In this chapter some possibilities for the preparation of polymeric mixed element
alkoxides were described. In particular the formation of polymeric heteroelement silicon
alkoxides using polyethoxysiloxane as starting compound was investigated. Two different
strategies were used. In case of phosphorus silicon alkoxides the reaction of
dibuthylphosphate acting as a AB2 monomer with polyethoxysiloxane was studied.
Heterocondensation via forming of Si-O-P bonds as well as P-O-P bond formation via
homocondensation was observed using NMR spectroscopic investigations. Reaction
products like dibutylphosporyloxytriethoxysiloxane and results from SEC indicate fission
of Si-O-Si bonds. In case of titanium-silicon alkoxides a different reaction pathway was
used. The reaction of tetraethyl orthotitanate (TEOT) with acetic anhydride has not
afforded a ABx monomer containing titanium as central atom. Rather the reaction yielded
a high viscous substance soluble in organic solvents with a stoichiometry indicating a
composition close to polyethoxytitanate with additional acetoxy groups. Therefore the
formation of Ti-O-Si bonds was studied using the reaction of polyacetoxyethoxysiloxane
with TEOT. As in the case of phosphorus-silicon alkoxides side reactions beside the
desired heterocondensation process occurred. IR spectrometry showed an acetoxy group
exchange between silicon and titanium. No acetoxy groups remained linked to silicon
atoms but some remained linked to titanium. High molar mass products produced via
cross-linking reactions were observed with SEC. But no distinction could be made if these
products are caused via homo- or heterocondensation. To decide which type of
condensation is favored, the same type of reaction has to be performed with for instance
tetrabutyl orthotitanate, giving the chance to distinguish between the two condensation
products ethylacetate or butylacetate respectively. Nevertheless the products obtained
according to both strategies were soluble in organic solvents and might be used as
precursors for mixed element oxides.
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Chapter 7
Polyalkoxytitanates
7.1 Introduction
Titanium dioxide (TiO2) coatings are already used to produce a product line of “self
cleaning” windows,
[1,2] 
tiles
[3]
 and abrasion resistant lenses.
[4]
 TiO2 coatings possess the
following properties that provide a “self cleaning” material: 1) photocatalysis 
[5-12]
 and 2)
photoinduced hydrophilic properties. 
[13,14]
  Photocatalytic properties of TiO2 are due to its
semiconducting behavior. The anatase modification of TiO2 has a bandgap of 3.2 eV,
which leads to the formation of electron-hole pairs, when exposed to light wavelengths
less than 387 nm (see Figure 7.1).
TiO2 + hv e- + p+
p+ + H2O OH* + H+
e- + O2 O2*
Figure 7.1: Scheme of the photocatalytic reaction of TiO2 with water and oxygen forming
radicals
The electrons (e
-
) and holes (p
+
) formed by the absorption of UV light participate in
oxidation reactions that attack organic materials on the coating surface in a series of steps
that clean the surface.
[7]
 These oxidation reactions are initiated by radical formation in
presence of water and air (Figure 7.1), where the radicals formed are hydroxyl radicals
(OH
*
) and superoxide radical anion (O2*).
[12]
 Studies have shown that this reaction can
lead to the breakdown of very common organic compounds.
[15]
 Examples include
degredation of salicilic acid,
[16,17]
 malic acid,
[18]
 acetaldehyde,
[19]
 phenol,
[20]
 1-4
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dichlorobenzene,
[17]
 acetylene/trichloroethene,
[21]
 1-Butene,
[22]
 evolution of hydrogen
from carbohydrates,
[23]
 conversion of NO to NO2,
[24]
, degradation of hydrophobic
monolayers
[25,26]
 or the removal of aqueous organic pollutants.
[27,28]
 Along with the
breakdown of adsorbed organics the UV absorption changes the surface of the TiO2 film
from hydrophobic to hydrophilic.
[14]
 Conversion of the surface to hydrophilic is essential
in providing a “self-cleaning” window because water will run down a hydrophilic surface
removing the dirt.
[29-31]
 Other applications include anti-reflective coatings
[32]
, electrodes
for photoelectrochemical conversion of solar energy via decomposition of water
[8]
 or
catalyst support for oxides of molybdenum, tungsten or vanadium.
[33]
TiO2 coatings are prepared using physical vapor deposition techniques like reactive
magnetron sputtering 
[21]
 or chemical vapor deposition techniques 
[34]
 via thermal
decomposition of titanium halides, acetylacetonates or alkoxides from the gas phase.
[1,35]
Other intensively studied procedures for deposition of TiO2 coatings are based on sol-gel
chemistry. These procedures can be divided into two routes: (i) post
hydrolysis/condensation and/or thermal decomposition of titanium alkoxides deposited as
liquid films from solutions using appropriate solvents
[1,8,19,24,36-41]
 or (ii) use of
prehydrolysed solutions of titaniumalkoxide-acidified water-ethanol mixtures followed by
drying.
[18,42]
 The liquid films itself can be prepared via spin coating or dipping
techniques.
[39,40,43]
 For getting high photoactivity, the xerogels herby obtained should be
converted to anatase.
[44]
 This can be accomplished either by thermal treatment at 600-
850°C 
[20,40]
 or by hydrothermal treatment at temperatures up to 180°C at elevated
pressures.
[18,45]
 Using substrates free of alkaline ions no such treatment is necessary for
getting the anatase form.
[37]
 It has been shown in Chapter 5 that the reaction of
stoichiometric amounts of B4 or RB3 molecules with acetic anhydride (A2) produces
hyperbranched polymers, soluble in organic solvents. In the chapter here this synthesis
concept will be transferred to a titanium metal alkoxide.
Ti(OR)4  + (CH3CO)2O
130°C
24h
[TiO(OR)2]n + 2 CH3COOR
Figure 7.2: Scheme of the reaction of titaniumalkoxide with acetic anhydride giving a
polymeric residue via polycondensation
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Particularly the use of TEOT (in mixture with tetraisopropy orthotitanate) as B4 molecules
according to the reaction scheme in Figure 7.2 was investigated. After mixing of the
titanium alkoxide with acetic anhydride the reaction temperature was increased and on
further heating the corresponding acetic acid alkyl ester was removed by distillation. The
TiO2 equivalent content of the residue was measured via gravimetry after complete
hydrolysis of the polymer. To investigate the molecular structure 
1
H NMR and 
13
C NMR
spectra were recorded. The molar mass or mass distribution of the polymer was not
investigated. The synthesized polymer was used for coating glass substrates, which were
investigated further by scanning force microscopy.
7.2 Experimental
7.2.1 Materials
Tetraethyl orthotitanate (TEOT, technical grade, Aldrich, contains 20 mol-%
tetraisopropyl orthotitanate) and acetic anhydride (puriss, Fluka) were used without
purification. Toluene (technical grade) was dried over lithium aluminum hydride (Merck)
and distilled under an argon atmosphere.
7.2.2 Methods
1
H NMR and 
13
C NMR spectra were obtained using a Bruker DRX 400 NMR
spectrometer operating at 400.13 MHz (
1
H) and 100.61 MHz (
13
C) transmitter frequency
respectively using 5 wt.-% chloroform-d (99.8% deutero GmbH) solutions.
Tetramethylsilane was used as standard.
TiO2 equivalent contents were determined via reaction of 25 to 50 mg polyalkyltitanate
with 100 μL water at 100°C in 2 mL vials (36x12 mm, Neolab, Heidelberg,
Germany,No.20007230). After evaporation of water and ethanol evolved during the
reaction, the residue was dried at 600°C until constant mass was observed.
For coating of quadratic glass plates (24 mm length) with the polytitanate a spin coater
was used. (Model WS-400A-6TFM Lite/CE, Laurell Technologies corp., North Wales,
PA-USA) Prior to use, the glass plates were cleaned for 24 h in an ultrasonic bath using a
mixture of one part sulfuric acid (pro analysis grade) and two parts hydrogen peroxide
(pro analysis grade). For preparing a ethanolic solution of the polytitanate, appropriate
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volumes of a toluene containing master solution were evaporated to dryness and dissolved
in ethanol (seccosolv grade, Merck Germany). Preparation of toluene containing solutions
were prepared by diluting the master solution with toluene. The spin coating itself was
done by dropping 300 μL of a solution at 500 rpm onto the glass plates followed by
treatment at 3000 rpm for 30 sec. Before measurement the glass plates were left standing
for 1 h at ambient conditions for conversion of the polytitanate to TiO2 xerogel films.
The refractive index increment dn/dc was measured with a Photal RM-102 differential
refractometer (Otsuka Electronics) at =633 nm at 25°C.
Scanning force microscopy was performed using a Digital Instruments Multimode
scanning force microscope equipped with a Nanoscope IIIa controller. Imaging was done
in tapping mode using standard silicon cantilevers (TESP) with a spring constant of
approximately 42 N/m and a resonant frequency of ca. 330 kHz.
7.2.3 Synthesis
Synthesis of polyalkyltitanate
3.32 g of a 4:1 molar mixture of TEOT (11.10 mmol) and tetraisopropyl orthotitanate
(2.77 mmol) respectively (trade name: titanium(iv)ethylate, technical grade, Sigma-
Aldrich, Germany) were filled in a 100 mL three-necked flask equipped with a dropping
funnel with drying tube filled with dry silica gel, a thermometer and an inlet for nitrogen,
which was online dried over a column filled with phosphorouspentoxide. A
substoichiometric amount of 1.31 g (12.83 mmol; 92.5% of the amount needed for a 1:1
molar reaction) acetic anhydride were dropped to the titaniumalkoxide mixture while
stirring with a magnetic stirrer, in such a way that the temperature did not exceed 45°C.
While purging nitrogen through the flask, the dropping funnel was replaced by a
condenser equipped with a thermometer and a drying tube filled with silica gel. After
heating of the flask to 130°C and holding at this temperature for 24 h 1.2 g liquid was
distilled off and 2.16 g slightly turbid high viscous residue remained. In what follows this
residue will be called polytitanate. This residue was dissolved in 4.32 g toluene (dried
with lithium aluminum hydride and distilled prior to use) and stored under nitrogen.
Initial titaniumalkoxide used: 
1
H-NMR (CDCl3, 400 MHz): (ppm) = 4.32 (broad, 1.0H),
1.27 (broad, 2.0H); 
13
C-NMR (CDCl3, 100.6 MHz): (ppm) = 69.54, 25.95, 18.96;
Liquid distillate (mixture of 89 mol-% ethyl acetate and 11 mol-% isopropyl acetate): 
1
H-
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NMR (CDCl3, 400 MHz): (ppm) = 4.12 (q, 89% of 2H), 2.04 (s, 89% of 3H), 1.26 (t,
89% of 3H), 4.99 (septet, 11% of 1H), 2.01 (s, 11% of 3H), 1.23 (doublet, 11% of 6H)
High viscous residue (contains 80 mol-% ethoxy- and 20 mol-% isopropoxy groups): 
1
H-
NMR (CDCl3, 400 MHz): (ppm) = 4.47 (broad shoulder), 4.35 (broad, 33H), 1.98 (s,
0.3H), 1.96 (s, 0.2H), 1.28 (broad, 66H) 
13
C-NMR (CDCl3, 100.6 MHz): (ppm) = 69.63,
26.05, 19.02
The refractive index increment (dn/dc) in tetrahydrofurane is 0.110 ml/mg.
The TiO2 equivalent content was determined to be 48.75 wt.-%, which corresponds to a
titanium content of 29.25 wt.-%. According to the theoretically expected composition of
the residue (compare Table 7.1) assuming equal reactivities of isopropoxy and ethoxy
groups the TiO2 equivalent content should be 48.21 wt.-% and the titanium content 28.92
wt.-%.
Table 7.1: Theoretically expected and experimentally observed yields of reaction of a
80:20 molar mixture of TEOT and tetraisopropyl orthotitanate with a substoichiometric
amount (92.5 mol-%) acetic anhydride
theoretically expected
after reactiona
yieldused amount
before reaction
[mmol] [mmol] [g] [g] [%]
Educts
acetic anhydride 12.83 0 0 n.d. n.d.
TEOT 11.10 0.83 0.19
Tetraisopropyl orthotitanate 2.77 0.21 0.06
Residue -- 2.16 94
as [TiO(OEt)2]n -- 10.26 1.58
as [TiO(OiPr)2]n -- 2.57 0.47
Distillate
as ethyl acetate
as isopropyl acetate
--
--
20.53
5.13
1.81
0.54
1.05
0.15
58
28
a: assuming equal reactivity of ethoxy and isopropoxy groups n.d.: not detected
7.3 Results and Discussion
In Figure 7.3 NMR spectra of the used titanium alkoxide mixture, the distillate and
residue of the reaction with acetic anhydride are shown. The top spectrum shows the
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initial titanium alkoxide mixture. This mixture was used as received and it is not clear,
whether it is a true mixture TEOT and tetraisopropyl orthotitanate or if it is a mixture of
several titanium alkoxides having at the same titanium center ethoxy groups and
isopropoxy groups as well. Nevertheless from the integrals of the 
1
H NMR spectrum the
molar ratio of ethoxy to isopropoxy groups is 80:20. A hint for the assumption that the
material used is not only a true mixture of TEOT and tetraisopropyl orthotitanate is the
broadness of the peak denoted with A+C. Expected for a true mixture of both compounds
is a septet for the CH of the isopropoxy groups at 4.49 ppm and a quartet for the CH2
groups of the ethoxide at 4.36ppm.
[46]
 The broadness can be caused by the three different
molecular species having ethoxy- as well as isopropoxy groups at one titanium center in
addition to the pure substances having only ethoxy- or isopropoxy groups. In the 
13
C
NMR spectrum all theoretically expected peaks can be observed with the exeption of the
peak for the CH group, which might be not intense enough compared to the noise of the
measurement (theoretically expected at 76.23 ppm)
[46]
. In the middle of Figure 7.3 the 
1
H
NMR spectrum of the distillate is shown. The 
13
C NMR spectrum of the distillate was not
measured, the 
1
H NMR spectrum showed already, this liquid was a mixture of ethyl
acetate and isopropoxy acetate in the molar ratio of 89:11. The yield of 1.2 g of this liquid
was lower than theoretically expected (compare last row of Table 7.1). This might have
two reasons (i) During exchanging of the dropping funnel by an condenser the whole
apparatus was purged with nitrogen, which might have caused losses on volatile
substances. (ii) the distillate was not cooled during the 24h reaction time, which might
have also caused losses of material to the environment. The NMR spectra of the high
viscous residue at the bottom of Figure 7.3  show broadened peaks compared to the initial
alkoxide mixture but the same molar ratio of ethoxy to isopropoxy groups indicating same
reactivity of ethoxy and isopropxy groups against acetic anhydride. The increased
broadness of the peaks is due to the polymeric nature of the substance.
[47,48]
 The yield was
94% compared to theory. Because of the substoichiometric use of acetic anhydride some
amount of starting compound is either expected to be left in the residue, or it has reacted
leading to a lower average molar mass compared to a stoichiometric use of acetic
anhydride. Compared to literature one might expect acetoxy groups left in the polymer.
Pande and Mehrotra report the formation of acetoxyalkoxytitanates during reaction of
titaniumalkoxides and organic acid anhydrids.
[49-53]
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Figure 7.3: 
1H NMR spektra (left side) and 13C NMR spectra (right side) of a 4:1 molar
mixture of titanium(iv)ethoxide and titanium(iv)isopropoxide (top), distillate of the reaction
with acetic anhydride (middle) and polymeric residue of the reaction(bottom). The insets in
the 1H NMR spectrum in the middle correspond to higher magnifications of the four main
peakgroups in this spectrum. The peaks are marked with capital letters as they correspond
to the hydrocarbon groups of the molecular species depicted at the top. The peaks marked
with asterics are due to the solvents CDCl3 and toluene.
Acetoxygroups attached to titanium atoms are also reported during the ammonium acetate
catalyzed hydrolysis and condensation of titaniumalkoxides with water
[54]
 or after reaction
of acetic acid with titaniumbutoxide.
[55]
 But in the product here no peaks other than the
ones corresponding to the aromatic carbon atoms of the solvent are observed in the 
13
C
NMR spectrum above 75 ppm, whereas if acetoxygroups are still left in the polymer one
would expect to see the signals of the carbonyl carbon atoms at nearly 160 ppm or higher.
The reaction of TEOT with acetic anhydride works well and gives quantitative yields of
polymer having the expected TiO2 equivalent weight and of course no hydroxygroups
because of the nonhydrolytic nature of the synthesis performed. Future work has to focus
on the determination of the molar mass and viscosity of the polymer. Special importance
should be given to the investigation of the molar mass distribution and molecular
Chapter 7
180
structure, because monomolecular products were mentioned in literature for hydrolysis
and condensation products of TEOT. This is due to the possibility that alkoxide groups
can form oxygen bridges linking two or more titanium atoms. Several workers confirmed
for instance the trimeric nature of TEOT having the sum formula Ti3(OEt)12.
[56-59]
 X-ray
analysis studies confirmed for instance the existance of such bridging alkoxygroups not
only in the case of titaniumalkoxides, but also in the field of niobium, zirconium and
molybdenum alkoxy compounds.
[60-64]
 Hydrolysis and condensation of TEOT with
varying amounts of water leads to mixtures of distinct molecules having the sum formulas
Ti6O4(OEt)16, Ti9O8(OEt)20 and Ti12O12(OEt)24.
[65]
 Maximum yields of these substances
are obtained using stoichiometric ratios of water to titanium of 0.67, 0.89 and 1
respectively as confirmed by ebulliometric determination of the molar masses of these
substances. A crystalline product is formed via bubbling a wet stream of air through a
solution of TEOT in dry ethanol. Its molecular structure corresponds to seven octahedrons
linked by their edges (compare Figure 7.4) as confirmed via X-ray analysis 
[60]
 giving rise
to the sum formula of Ti7O5(OEt)19, whereas the elemental analysis of this product gives a
sum formula of Ti7O5(OEt)18(OH) with one ethoxygroup replaced by a hydroxygroup. An
insoluble nonvolatile product having the proposed molecular structure of an infinite long
triple chain should be obtained using a ratio of 1.33 as depicted in Figure 7.4.
[66]
 But this
assumption is quite doubtful because using a stoichiometric water to titanium ratio of 1.33
the hydrolysis and condensation product should have a sum formula of Ti3O4(OEt)4,
whereas the sum formula of an infinite long triple chain polymer as partly depicted in
Figure 7.4 should have the sum formula Ti3O4(OEt)3. Nevertheless the depicted structure
itself - neglecting that it should be a part of an infinite molecule - exhibit the correct sum
formula. It is noteworthy that all of the above mentioned sum formulas can also be written
as TiO2(Et2O)R, quite similar as in the case of the polyethoxysiloxanes described in
chapter 3 and chapter 4 of this thesis, where R represented the ratio of ethoxy groups to
silicon atoms and was measure for the degree of cyclization. Furthermore also the
titaniumoxyethoxides obtained from hydrolysis and condensation can undergo thermal
decomposition via evolution of TEOT
[66,68,69]
 as polyethoxysiloxane do under the
evolution of TEOS (see chapter 4 of this thesis). According to these considerations in the
case here using a stoichiometric ratio of acetic anhydride to titanium of 0.93 one could
guess that the product obtained here is as in the case of hydrolysis and condensation a
monomolecular substance having a distinct degree of polymerization, which is in clear
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a
b
c
Figure 7.4: Schematic drawing of (a) suggested molecular structure of trimeric TEOT[67]
(b) suggested molecular structure of hexameric Ti6O4(OEt)16 (c) part of the suggested
molecular structure of polymeric Ti3O4(OEt)4..
[56] Filled circles represent titanium atoms,
double circles represent oxygen atoms, whereas open circles represent ethoxy groups.
Straight lines stand for chemical bonds, whereas dotted lines are guidelines for the eyes.
contrast to the broadness of the peaks of the NMR spectra in Figure 7.3. Polymeric
species with a broadness in molar mass are also suggested for the hydrolysis and
condensation titanium-n-butoxide.
[70]
 The difference in the observed molecular species -
monomolecular species regarding hydrolyis and condensation of TEOT at the one hand
and on the other hand polymeric species with a broadness in molar mass in case of
hydrolysis and condensation of tanium-n-butoxide and in the case here - is probably due
to the complexation behaviour of ethanol formed during hydrolysis. The ethanol can add
to titanium atoms via complex formation or solvation involving six coordinated titanium.
Additional difficulties arise from the fact that hydroxygroups linked to titanium were
reported in the products obtained via hydrolysis and condensation of titaniumalkoxides in
contrast to the method used here.
[61,71]
 In addition the substance here contains 20 mol-%
isopropoxy groups, which might lead to a polymer rather than monomolecular substances.
Therefore the main future task seems to be the investigation of the molar mass
distribution of the substance obtained here and to further elucidate the structure of the
polymer molecules. Once having established a method for the determination of the molar
mass distribution it seems also to be worthy to vary the ratio of acetic anhydride to TEOT
and to investigate the reaction of other titanium alkoxides with acetic anhydride.
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Coating experiments
Solutions of the polytitanate polymer synthesized and described above were used for
coating glass slides. Figure 7.5 shows a SFM image of a surface made by spincoating of 1
wt.-% polytitanate in ethanol. Due to multiple particles with diameters and heights of over
100nm, the coating looks quite turbid. In contrast to this coating, spincoating of the
polytitanate using toluene solutions yielded transparent films having low roughness as can
be seen in Figure 7.6. Using a 10 wt.-% solution compared to a 1 wt.-% solution in
toluene the roughness of the coating expressed by the root mean square of height
deviation from the average height can be further reduced (see Table 7.2). All four
parameters like arithmetic mean elevation, maximum elevation, arithmetic mean
roughness and root mean square roughness indicate a reduction of surface roughness in
the row 1 wt.-% in ethanol, 10 wt.-% in toluene and 1 et.-% in toluene. It can be assumed
that both coatings (from ethanol as well as from toluene containing solution) consist of
amorphous TiO2, which was produced via the reaction of the polytitanate with the
humidity of the surrounding atmosphere.
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Figure 7.5: (top) SFM image of a surface made by spincoating of 1 wt.-% polytitanate in
ethanol. (bottom) height profile corresponding to the dotted line in the image.
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Figure 7.6: (top) SFM images of surfaces made by spincoating of 1 wt.-% (left) and 10 wt.-
% (right) polytitanate in toluene. (bottom) Height profiles corresponding to the dotted lines
in the images.
Table 7.2: roughness values and elevation values for different surfaces made by
spincoating of polytitanate solutions on glass substrates.
Arithmetic
Mean
elevation
[nm]
za
Maximum
elevation
[nm]
Rmax
Arithmetic
mean
roughness
[nm]
Ra
Root mean
square
roughness
[nm]
Rq
1 wt.-% in ethanol (Figure 7.5) 162.0 320.0 45.1 57.1
1 wt.-% in toluene (Figure 7.6 left) 8.14 16.16 0.94 1.30
10 wt.-% in toluene (Figure 7.6 right) 3.01 3.57 0.27 0.34
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7.4 Conclusion
Using titanium alkoxide and acetic anhydride it was possible to synthesize
polyalkoxytitanate. This substance was characterized by its TiO2 equivalent content,
showing the expected value. The 
1
H and 
13
C NMR signals show a increased broadness
compared to the titanium alkoxide used for reaction supporting the hypothesis of the
polymeric nature of the substance. Future studies concerning the molar mass distribution
of the substance have to proof this. Furthermore it was shown that this substance can be
used for coating glass substrates giving transparent TiO2 coatings. Compared to the use of
prehydrolysed solutions of titanium alkoxide-acidified water-ethanol mixtures the method
described here has the advantage of the non-hydrolytic nature giving a increased long
term stability of the material. Applications of such coatings may range from photo-
catalysis to self-cleaning materials.
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Chapter 8
Ultrahydrophobic coatings
8.1 Introduction
In the past decade ultrahydrophobic, non-wettable layers have attracted great interest due
to their unique properties concerning their water repellant and self cleaning behavior.
After the investigations of Barthlott and Neinhuis on the impressive water repellency and
microstructure of some plant leaves,
[1-4]
 research focus on mimic nature. This is mainly
accomplished by microstructuring a surface in an appropriate manner and coating the
surface with an hydrophobic top layer, if necessary.
[5]
 The microstructuring is done for
instance by etching,
[6-10]
 ion-plating or plasma modification of PTFE coatings and
sheets,
[11,12]
 sol-gel processing,
[13-16]
 solution casting of polypropylene-gels,
[17]
solidification of molten alkylketene dimer,
[18,19]
 photolitographic methods,
[20-22]
 electron-
beam evaporation for generating ZrO2 layers,
[23]
 plasma enhanced chemical vapor
deposition
[24,25]
 and usage of particles having an appropriate size and shape.
[26-32]
Ultrahydrophobic surfaces are characterized by very high water contact angles.
Furthermore liquid droplets roll-off very easily from such surfaces,
[33,34]
 which is due to a
low contact angle hysteresis. This hysteresis is defined as the difference between
advancing contact angle and the receding contact angle of a droplet rolling off a surface or
as the contact angles measured while increasing or decreasing the volume of a droplet.
[35-
40]
 Beside of their water-repellent properties ultrahydrophobic surfaces can be furthermore
characterized, that water drops impacting such surfaces bounce on it.
[41-43]
 From an
application point of view the most interesting property seems to be their self-cleaning
behavior.
[44]
 The soiling of a surface is strongly related to the wetting of a surface by a
liquid and the adhesion of a liquid droplet to the surface.
[3]
 The wetting of a surface with
Chapter 8
188
water leads for example to residual water droplets on the surface. These droplets
evaporate whereat dissolved or suspended solids remain as residual particles. Furthermore
a strong wetting can enhance corrosion of a surface or initiate the befall with
microorganisms or coverage with algae, lichen, mosses or mussels. Therefore the
preparation of ultrahydrophobic surfaces is a matter of intense investigations.
Figure 8.1: Forces acting on a liquid droplet on a solid as defined by Young.[46]
Physical basis 
[45]
Conventional surfaces normally are wetted by liquids particularly by water. The degree of
wetting is an interplay between the cohesion of a liquid and the adhesion of the liquid
with the surface. The contact angle of a liquid droplet on the surface is often used as a
measure of the wetting behavior of a surface by a liquid.
[3,47]
 Following simple geometric
rules as sketched in Figure 8.1, Young
[46]
 derived that the contact angle ,, from here
onwards called Young’s angle, is given by the relation (8.1):
lv
slsvcos


, (8.1)
where ij denotes the surface tension (energy per unit surface) of the interface ij and
where s, l and v designate the solid, liquid and vapor phase. Equation (8.1) can also be
derived from an energy consideration. The surface energy E can be given by equation
(8.2):
svslsslsllvlv
)AA(AAE  (8.2)
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where Aij is the surface area between the phases i and j, and As is the total surface of the
solid. Assuming the droplet to be a spherical cap and minimizing E yields equation (8.1).
Several remarks can be made about Young’s equation: (i) Forces acting in the vertical
direction are not taken into consideration. Since the surface tension exerts all along the
liquid/vapor contact, there must also be an opposing force acting on the solid, which the
solid resist because of its elasticity. Roughly, Hooke’s law indicates that deformation
should be in the order lv/E where E is the Young’s modulus of the solid. For hard solids,
this deformation is hardly observable. However, for soft solids like gels an obvious
deformation can be seen. (ii) Recent research by T. Pompe et al 
[48]
 has shown that for tiny
drops, the contact line tension - (excess free energy of a solid-liquid-vapor-system per
unit length of the contact line) should be taken into consideration. A characteristic length
scale for the influence of - can be calculated by relating a typical value of - to a typical
value of , which yields - / = 10
-11
 J m
-1
 / 10
-2
 J m
-2
 = 1 nm. Thus for droplets smaller
than 1 μm, a measurable influence can be expected from the contact line tension and an
angle correction should be made in the order of - ./ , where . is the curvature of the
contact line. (iii) While surface tensions in a large range have been measured, varying
between 20 mN/m to 1000 mN/m, there is no rule stating that the ratio sv-sl / lv has to be
smaller than unity. Two cases seem to be of particular interest: (a) If sv-sl  is larger than
lv, the drop tends to spread completely over the solid, resulting in a situation of complete
wetting (, = 0°). (b) If sv-sl is a lot smaller than lv, the drop should be sitting on the solid
like a marble (, = 180°). However, no physical systems have been reported which realizes
such a situation. For example, water on highly hydrophobic smooth surfaces make contact
angles in the order 120°. (vi) Young’s equation assumes the solid surfaces to be perfectly
smooth, rigid and chemically homogenous.
One of the aims of this chapter is to present methods on creating water-solid interactions
in which the solid behaves as a superhydrophobic solid (, > 150°). It will be shown that
such solids are quite easy to prepare if the solid exhibit a certain roughness and
heterogeneity in a chemical point of view.
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Figure 8.2: Infinitesimal spreading of a liquid wedge on a idealized rough surface
Rough, chemically homogenous surfaces
Ultrahydrophobic surfaces consist normally of a material with a high surface energy and
which is even more important of a rough surface. Wenzel proposed the first approach to
characterize the influence of the surface roughness on the wettability of solids.
[49,50]
 The
apparent contact angle ,
*
 on a rough surface can be evaluated by considering a little
displacement dx of the contact line parallel to the surface (Figure 8.2). Then the surface
energies (written per unit lenght of the contact line) are modified of a quantity dF given
by
*
LVSVSL cosdxdx)(rdF ,// (8.3)
where r is the solid roughness factor, defined as the ratio between the real surface area and
the projected one as determined for instance by nitrogen adsorption (r 01).
[50]
 The term
r(/SL-/SV)dx corresponds to the difference in surface area of the surface of the substrate,
whereas the term LV dx cos,
*
 is due to the difference in the surface area of the droplet
caused by the displacement. The equilibrium is given by the minimum of F, from which
we get Wenzel´s equation:
,, cosrcos w (8.4)
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where , is the Young´s angle given in eq. (8.1). Because r>1 for a rough surface
compared to a flat surface, the roughness enhances wetting for , < 1/2 and non wetting
for , > 1/2.
Figure 8.3: Schematic drawing of a droplet on a partially wetted idealized rough substrate:
vapor is trapped below the liquid.
Rough, chemically heterogenous surfaces
For smooth but heterogenous surfaces, Cassie 
[51]
 developed the following equation
2211C cosfcosfcos ,,, (8.5)
where f1 and f2 are the area fractions of the solid surface which are characterized by the
intrinsic contact angles ,1 and ,2 respectively. For rough surfaces an important effect can
be seen in the hydrophobic regime (, > 1/2). On surfaces having an appropriate roughness
air is trapped below the droplet,
[26,28,40,52]
 as it can be seen for instance by the total
refection of light by the vapor/air interface below the droplet,
[53]
 or by scanning electron
microscopy of mercury droplets on plant leaves
[2]
 The rough surface can therefore be
treated as a composite of vapor and solid as shown in Figure 8.3. Cassie and Baxter
developed an equation for the case of a rough and porous surface, which is comparable to
surfaces having trapped air below the droplet (equation (8.6)).
[51]
. This equation is a
special form of equation (8.5) with cos ,2 = -1.
211CB fcosfcos ,, (8.6)
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where f1 and f2 are the solid-liquid area and the liquid-air area per unit nominal area,
respectively. For some surfaces having distinct surface topology like a porous grid
consisting of cylindrical wires,
[51]
 surfaces having a sawtooth profile,
[28,54]
 an idealized
surface having a sinuidal profile
[40]
 or surfaces having defined spikes, holes or stripes
[13]
the parameters f1 and f2 can be calculated and showing good agreement between
calculated and experimental data.
[13,51]
A even more general form of the apparent contact angle on rough and chemically
heterogeneous surfaces is given by Swain and Lipowsky.
[55]
i
i
iSL cosrcos ,,  (8.7)
where ri is the ratio of the nonplanar surface area covered with material i to the total
planar area and cos ,i is the Young´s angle of the liquid in contact with material i.
But the description of ultrahydrophobic surfaces using the parameters decribed above
seems not to be sufficient. Contact angle hysterisis is on ultrahydrophic surfaces
small.
[26,56]
 This is clearly related to the roll off process of droplets off such surfaces and
therefore to the self cleaning properties.
[2,57]
 The small contact angle hysterisis of
ultrahydrophobic surfaces is attributed to small energy barriers between metastable states
of local minima in the free energy curve vs. contact angle.
[40]
 Therefore not only the ratio
of the liquid-solid contact area and liquid-air area below the droplet to the projected
surface area is an important factor, but also the lateral or even the three dimensional
distribution of the contact line or conatct area plays an important role for a small contact
angle hysteresis. 
[8,20,27]
Herminghaus showed that a certain class of self affine profiles of surface roughness may
render any substrate with a non-zero microscopic contact angle non-wet, i.e., give it a
macroscopic contact angle close to 180°.
[53,58]
 Fractal or self affine behavior of
ultrahydrophobic surfaces was indeed observed for instance for surfaces made from
alkylketene dimer.
[10,18,19]
 A relation was found between the fractal dimension - measured
with the box-counting method on cross-sections at multiple lenghtscales - and the contact
angles on flat compared to rough surfaces. Nevertheless fractal behavior is not a
prerequisite for ultrahydrophobic surfaces.
[58]
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A main task for application of ultrahydrophobic coatings in terms of transparent coatings
is to manage the balance between sufficient roughness or appropriate roughness topology
and low scattering. Examples for transparent ultrahydrophobic coatings are already
described in literature. Boehmite containing films prepared via the sol-gel method show a
roughness only 20 to 50 nm, contact angle against water of 165° and a transparency as
high as 92%.
[15,16]
 Watanabe´s group has also prepared films containing boehmite
particles. These films show in some cases ultrahydrophobic behavior and a transmittance
as high as the underlying substrate.
[28-30]
 The surface topology as measured with SFM
showed in this case needlelike structures of 200-300 nm height whose pitch is much less
than 1μm. Öner and McCarthy investigated the effect of topography length scales on
wettability on Si-wafers having different photolitographically etched patterns,
hydrophobized with organosilanes.
[20]
 Surfaces having square posts with distances
ranging from 2 to 32 μm showed ultrahydrophobic behavior with advancing contact
angles of approximately 170° and receding contact angles of approximately 140°. If the
distance of the features is 64 μm or 128 μm no such behavior was observed. Hysteresis
decreased when more irregularly shaped patterns were used. Varying the height of the
surface features from 20μm to 140μm had no influence on the wettability. Nevertheless it
is stated, that surfaces prepared having statistical roughness showed a more pronounced
ultrahydrophobic behavior.
[8,27]
 Decanethiol-gold covered ZrO2 layers having statistical
roughness were optimized for high transmittance optical coatings.
[23]
 These layers show a
contact angle of 143° having a roll-off angle of <10° and a scattering at 633 nm of only
0.2%. The surface topology was characterized on length scales ranging from 1nm to 1mm
using different methods like SFM, white-light interferometry, confocal laser scanning
microscopy and mechanical profiling. After data reduction a so called power spectral
density function and a logarithmically averaged reduced amplitude was generated. Using
these parameters it was shown that the increase in hydrophobicity occurs in the range of
high spatial frequencies, where roughness do not effect the scattering in the visible
spectral region (spatial frequency >2.5 μm
-1
).
[59-61]
 The characterization of the surface
topology on multiple lenghtscales seems to be essential in the sense of designing
ultrahydrophobic layers for optical coatings.
In this chapter investigations will be described on designing a ultrahydrophobic surface
by use of colloidal silica particles, polyethoxysiloxane (PEOS) and fluorinated polymers
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as hydrophobic top layer. The colloidal silica particles act as the material giving the
coating an appropriate roughness and the polyethoxysiloxane act as a binder material. The
coatings will be characterized by their water contact angle, transmittance and to some
extent by their scratch resistance. Since no advancing and receding contact angles but
only apparent contact angles were measured in the study here, ultrahydrophobicity of a
coating means an apparent contact angles of water higher than 150° and more important,
that water applied forms spherical droplets rolling off the surface immediately, even at
slight angles of inclination.
[4,27,27]
 This behavior can readily demonstrated for instance by
applying water drops on a glass slide covered with soot generated by holding the glass
slide in an appropriate distance over a burning candle.
[3]
Table 8.1: Molecular structure, molar mass and melting point of fluoropolymers used as
hydrophobicing agents for the silica surfaces
CH2
CH3
OO O
O O
C8F15
x
y
MAH a
content
(elemental
analysis)
[mol-%]
Mn
[kg/mol]
Mw/Mn Tm
[°C]
solvent
P(F8H2MA-co-MSA)97/3 3 162.0 1.4 79.1 HFX b
P(F8H2MA-co-MSA)52/48 48 101.0 1.6 153.0 water
a maleic anhydride 
b
 1,3-bis(trifluormethyl)benzene
Table 8.2: Characteristics of polyethoxysiloxane derived from SEC and  29Si NMR
ID Relative amount of
building blocks
TEOS/T/L/sD/D
[mol-%]
DB DC Silicon
content
[wt.-%]
Silica
equiv.
content
[wt.-%]
Mn
[kg/mol]
Mw
[kg/mol]
DP
PEOS 36 1.5/20.2/34.2/30.9/13.2 0.63 0.17 23.1 49.4 4.6 18.5 38
TEOS: tetraethoxysilane; T: terminal groups; L: linear groups; sD; semi-dendritic groups; D: dendritic groups; DB:
degree of branching acc. to [62]; DC: degree of cyclization (see Chapter 2); DP: degree of polymerization (see Chapter 2)
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8.2 Experimental
8.2.1 Materials
Flame pyrolyzed silica-colloids were used as component for generating surface
roughness. Most experiments were performed with hydrophobized colloids (Acematt
OK607, Degussa) because of the better dispersing behavior in ethanol as compared to
non-hydrophobized silica colloids (Sipernat S22, Degussa), which were used only for
some experiments. Polyethoxysiloxanes as synthesized and described in Chapter 3 and 4
were used as polymeric precursor for silica and binder material for the silica-colloids (see
Table 8.2 for the properties of the polyethoxysiloxane used). Technical grade ethanol was
used, boiled and distilled with CaH2. Polymer solutions and colloidal dispersions were
spun-cast on glass plates (24x24x1 mm; Menzel) using a spin-casting apparatus (Model
WS-400A-6TFM Lite/CE, Laurell Technologies corp., North Wales, PA, United States).
Prior to spin-casting the glass plates were cleaned by treatment with a 3:7 mixture by
volume of hydrogen-peroxide (30 wt.-%) and sulfuric acid (96 wt.-%) for 12h, washing
off the acid with demineralized water followed by acetone and drying in a nitrogen
stream. The fluoropolymers used for hydrophobizing the silica surfaces were copolymers
of maleic anhydride with fluorinated methacrylates. The synthesis and properties are
described elsewhere.
[63]
 In the studies here two different fluoropolymers were used and
there molecular structure and properties can be derived from Table 8.1. Depending on the
molar amount of fluorinated methacrylate in the copolymers, they were either used as
solutions in water or in 1,3-bis(trifluormethyl)benzene (HFX). In both cases the
concentration was 1 wt.-%.
Figure 8.4: Schematic drawing of the apparatus used for generating ozone.
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8.2.2 Methods
Ozone was generated via a self made apparatus consisting of a glass tube having a
mercury UV-C light source made from synthetic silica working at 185 nm with 40 Watts
(Figure 8.4). The oxygen flow was adjusted to 350 mL/min.
Measurements of equilibrium contact angles were carried out with a G 40 (Krüss GmbH)
contact angle measuring instrument. Water droplets were dispersed onto the substrates
using a Hamilton syringe equipped with an electronically automated control allowing a
dosage with an maximum error of 1 μL. The substrate with the droplet is recorded from
the side with a digital camera with zoom. The captured images are processed with a
computer and a appropriate software, which calculates different elliptical shapes adjusted
to the droplet shapes using the contrast between the droplets and the background. The
calculated elliptical shape form together with the baseline the contact angle of the droplet.
For averaging of the data three droplets were positioned on three different places on the
substrates and the contact angle of each droplet was determined ten times.
Scanning electron microscopy (SEM) was performed on a Zeiss DSM 962 apparatus.
Prior to measurements the samples were coated with a Pd/Au layer having a thickness of
20nm.
Scanning force microscopy (SFM) was performed using a Digital Instruments Multimode
scanning force microscope equipped with a Nanoscope IIIa controller. Imaging was done
in tapping mode using standard silicon cantilevers (TESP) with a spring constant of ca. 42
N/m and a resonant frequency of ca. 330 kHz. The measurements itself were performed
1h after coating of the substrates and aging under ambient conditions.
Infrared spectra were measured with a Bruker IFS 66V vacuum spectrometer in
attenuated total reflective (ATR) mode using silicon wafers as substrates for the coatings.
UV/VIS spectra were recorded using a Perkin-Elmer Lamda 14 spectrometer.
8.2.3 Synthesis
If not stated elsewhere the preparation of the ultrahydrophobic coatings were done as
follows. The silica-colloids were dispersed in a mixture of polyethoxysiloxane and
ethanol for 1 h with a magnetic stirrer. At this the silica-colloids were putted into vials
and afterwards the polyetoxysiloxane and ethanol were added. 100 μL of this dispersions
were spun-cast on thin glass plates. After curing of the coatings for 12 h over night at
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60°C in an ammonia/water atmosphere, generated by putting a saturated ammonia/water
solution into the heating chamber, the surfaces were further on spun-cast with different
fluorine polymer solutions. This step as well as the step before was performed at 3000
rpm. For curing of polyethoxysiloxane with ozone, 100 μL of polyethoxysiloxane was
spun-cast on silicon wafers (10x10 mm) at 3000 rpm. Afterwards the wafers were putted
into the ozone generator.
8.3 Results and Discussion
Curing of polyethoxysiloxane:
Si O CH2CH3
Si O CH2CH3
O3
H2O
NH3
Si OH
Si OH
CH3CHO
CH3CH2OH
O2+ + +
+ +
a
b
Figure 8.5: Schematic drawings of the reactions of ethoxygroups attached to silicon with
ozone (a) and with ammonia/water vapor (b)
Two different methods for the conversion of polyethoxysiloxane into silica (curing) were
investigated. The corresponding reactions are shown schematically in Figure 8.5. The first
method involved treatment of the polyethoxysiloxane coatings with ozone, which was
generated via UV irradiation of an oxygen atmosphere. The reaction of ozone with
ethoxygroups attached to silicon generates hydroxygroups under evolution of
acetaldehyde.
[64-70]
 The hydroxygroups condense further on to silica. The second method
used is the ammonia catalyzed hydrolysis and condensation reaction of the
polyethoxysiloxane with water. Figure 8.6 shows IR spectra of coatings derived from both
methods. Spectrum a shows the polyethoxysiloxane coating before curing. Spectrum b, c
and d shows coatings after 15 min, 30 min and 60 min ozone treatment respectively. With
increasing reaction time bands due to ethoxygroups at 960 cm
-1
, from 1275 to 1525 cm
-1
and from 2800 to 3060 cm
-1
 decrease in intensity. On the other hand the broad band at
3400 cm
-1
, due to hydroxy groups, increase in intensity. These hydroxy groups are
assigned to various isolated and hydrogen-bonded SiO-H stretching vibrations and
hydrogen bonded water.
[71]
 Both observations indicate the expected conversion of ethoxy
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groups to hydroxygroups. Nevertheless the conversion using ozone is not complete after
60 min. Using a vapor mixture of ammonia and water at 60°C the conversion of ethoxy
groups to hydroxy groups go to completeness as can be deduced from the absence of
bands caused by ethoxy groups in spectrum e in Figure 8.6. Therefore in all experiments
described below condensation with ammonia/water vapor was used for conversion of
polyethoxysiloxane to silica.
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Figure 8.6: ATR-IR spectra of different coatings on silicon wafers: (a) polyethoxysiloxane
raw (b) after 15 min ozone treatment (c) 30 min ozone (d) 60 min ozone and (e) curing of
the polyethoxysiloxane coating for 60 min at 60°C in an ammonia/ water atmosphere. The
spectra were normalized (peak at 1080 cm-1) and shifted vertically for clarity.
Surface topology of colloidal silica-polyethoxysiloxane surfaces:
In a first step it was necessary to investigate the amount of polyethoxysiloxane needed to
embed the silica particles in a silica matrix. To do so different amounts of
polyethoxysiloxane (20, 30 and 40 wt.-%) were spun-cast on glass plates while keeping
the amount of silica colloids (3 wt.-%) in the alcoholic dispersion constant. The surface
topologies were investigated in a qualitative way using scanning electron microscopy
(SEM). Figure 8.7 shows the corresponding scanning electron micrographs of the
coatings. Picture a to c are coatings made from Sipernat S22 and PEOS, whereas the
pictures d to f correspond to PEOS/Acematt OK607 coatings. The inset in the right top
corner of each picture shows the coating at low magnification. The white bar corresponds
to 200μm. Four important points can be deduced from these pictures: (i) Regardless the
kind of silica colloids used -hydrophobized or non-hydrophobized ones–, the coatings are
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isotropic and homogenous, (ii) The coatings made from Acematt show a smaller mean
distances between the particles, because the particles itself are not as agglomerated as the
Sipernat colloids. (iii) increasing the amount of PEOS from 20 to 40 wt.-% does not affect
the average local distribution of the colloids.
Figure 8.7: Scanning electron micrographs of cured polyethoxysiloxane(PEOS)-silica
colloid coatings spun-cast from ethanolic dispersions. (a) 20 wt.-% PEOS, 3 wt.-%
Sipernat S22 (b) 30 wt.-% PEOS, 3 wt.-% Sipernat S22 (c) 40 wt.-% PEOS, 3 wt.-%
Sipernat S22 (d) 20 wt.-% PEOS, 3wt.-% Acematt OK607 (e) 30 wt.-% PEOS, 3 wt.-%
Acematt OK607 (e) 40 wt.-% PEOS, 3wt.-% Acematt OK607. The insets in the right top
corner corresponds to a lower magnification, with the white bar representing 200 μm.
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(vi) with increasing polyethoxysiloxane content cracks are formed in the silica layer
around the silica colloids and the silica layer in between the colloids get thicker and
therefore the particles stick deeper in this layer. Therefore to optimize the abrasive
resistance of these coatings a high amount of polyethoxysiloxane is preferred.
Nevertheless coating of these layers with fluoropolymers does not yield ultrahydrophobic
coatings. The contact angles against water are around 120° ± 5°. Water droplets stick on
these surfaces. This might be due to an insufficient roughness of the coatings. Therefore a
higher mass content of silica colloids is needed. To investigate the relation between the
roughness of the layers and their water contact angle, increasing amounts of the
hydrophobized silica colloids were used. Hydrophobized colloids were used because of
the better dispersion behavior of the hydrophoboized colloids in ethanol compared to the
non-hydrophobized colloids.
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Figure 8.8: Water contact angles of various coatings against the mass content of Acematt
OK607 silica colloids in the ethanolic dispersions using different fluoropolymers as
hydrophobizing agents. (squares) 20 wt.-% PEOS; without fluoropolymer coating (circles)
20 wt.-% PEOS; P(F8H2MA-co-MSA)97/3 mol-% from HFX (triangles) 40 wt.-% PEOS;
P(F8H2MA-co-MSA)97/3 mol-% from HFX. The coatings corresponding to the data in
grey color and open symbols showed ultrahydrophobic behavior.
For this purpose the Acemat content of the ethanolic dispersions was varied between 3
wt.-% and 15 wt.-%. Figure 8.8 shows the dependence of the water contact angles with
increasing Acemat content. The filled squares correspond to coatings without
fluoropolymer top coating, whereas the circles and triangles are due to coatings having a
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top coating made from P(F8H2MA-co-MSA)97/3 mol% using HFX as solvent. Due to
the hydrophobic nature of the silica colloids one can see an increase of the water contact
angle with increasing colloid content already without a fluoropolymer top coating.
Nevertheless these coatings are not ultrahydrophobic. Using 20 wt.-% PEOS at least 8
wt.-% silica colloids are necessary to get ultrahydrophobic coatings. Using 40 wt.-%
PEOS already 5 wt.-% Acemat colloids are sufficient for getting ultrahydrophobicity.
Figure 8.9a shows a typical SEM image of a coating made from a 8 wt.-% Acemat
containing dispersion. Comparing this picture with the image obtained from a only 3 wt.-
% Acemat containing dispersion (Figure 8.9b) two important points have to be
mentioned: (i) The roughness of the coating made from a 8 wt.-% Acemat containing
dispersion is higher due to the higher lateral density of the colloids and
Figure 8.9: Scanning electron micropgraphs of coatings made from ethanolic dispersion
containing 40 wt.-% PEOS and (a) 8 wt.-% Acematt Ok607 and (b) 3 wt.-% Acematt
OK607. The insets in the right top corner corresponds to a higher magnification. The white
bar represents in that cases 2 μm.
Figure 8.10: Scanning electron micropgraphs of coatings made from ethanolic dispersion
containing 8 wt.-% Acematt OK607 and (a) 50 wt.-% PEOS and (b) 60 wt.-% PEOS.
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(ii) no silica layer due to the PEOS can be observed in between the colloids. It seems the
PEOS was soaked into the colloids. Further increase of the PEOS content of a 8 wt.-%
Acemat containing dispersion results in cracking of the layer as can be seen in Figure
8.10. At the left side an image corresponding to 50 wt.-% PEOS and at the right side the
topology of a layer made from 60 wt.-% PEOS can be seen. The silica colloids are in this
cases embedded in a silica matrix formed by the PEOS and deep cracks can be observed.
As more PEOS is used as deeper the cracks and as deeper the colloids stick in the
surrounding silica layer. Nevertheless these layers are no more ultrahydrophobic. Detailed
studies showed, when using 8 wt.-% Acemat in the dispersion the maximum PEOS
content for forming ultrahydrophobic coatings is 43 wt.-%.
The advantage using PEOS instead of Tetraethoxysilane (TEOS) can be partly seen from
Figure 8.11. Two images can be seen having different magnifications showing a layer
made from 8 wt.-% Acemat and 40 wt.-% TEOS. Compared to the coatings made from
PEOS the coating here is not so homogenous. Nevertheless also the coatings made from
TEOS are ultrahydrophobic, but their scratch resistance is much lower. These coatings
can be easily whipped away with a cellulose tissue resulting in the loss of
ultrahydrophobicity. The coatings made from PEOS resist such a treatment. But also the
coatings made from PEOS can be destroyed by applying for instance force with the
fingernails. A further improvement of the scratch resistance of the PEOS coatings can be
obtained by treatment at 600°C for 2 h before applying the fluorine top coating.
Figure 8.11: Scanning electron micropgraphs of coatings made from ethanolic dispersion
containing (a) 8 wt.-% Acematt OK607 and 40 wt.-% tetraethoxysilane (b) higher
magnification of the same coating.
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Directly after the high temperature treatment (i.e. before application of the fluorine top
coating) the coatings show a water contact angle of 0°, because the hydrophobic silica
colloids turned to hydrophilic followed by post condensation of Si-OH groups.
[72]
 After
applying the fluorine top coating the layers are ultrahydrophic, which means the
roughness is not much affected by the high temperature treatment. The scratch resistance
of the annealed coatings is improved, as can be deduced from the fact, that these coatings
cannot be destroyed anymore with the finger nails. Nevertheless detailed studies have to
be performed for further examination of the scratch resistant properties of these coatings.
To investigate the optical transmittance of the coatings UV/VIS spectra were recorded of
a Acemat/PEOS coating having 8 wt.-% Acematt and 40 wt.-% PEOS in the ethanolic
dispersion (compact line in Figure 8.12). The transmittance does not exceed 11%. After
applying the fluorine top coating the transmittance raises to about 15% at maximum
(dashed line in Figure 8.12). But both coatings are quite turbid and far away from being
transmittant for light in the visible wavelength region. This is clearly due to the quite big
colloidal particles used having diameters of up to 5 μm. For getting coatings having better
transmittance the diameter of the colloids should not exceed 300 nm. Further
investigations should deal with the reduction of the colloid size to achieve a better optical
transmittance.
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Figure 8.12: Typical optical transmittance curves of a Acemat/PEOS coating without
(compact) and with (dashed) fluorine coating. The corresponding curve of a glass plate
without any coating is shown in addition (dotted).
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8.4 Conclusion 
In this chapter it was shown, that by use of a combination of hydrophobized silica 
colloids, polyethoxysiloxane as a polymeric binder and a fluorine top layer, coatings can 
be prepared showing ultrahydrophobic behavior. Water droplets applied to these coatings 
roll of the surfaces even at slight angles of inclination. Compared to coatings made with 
tetraethoxysilane as a binder for the silica colloids the coatings made from 
poylethoxysilane exhibit a higher abrasion resistance. Calcination of the coatings before 
applying the fluorine top layer increases the abrasion resistance further. Due to the μm 
size of the silica colloids the coatings are turbid. Further studies have to focus on reducing 
the size of the colloids for getting coatings, which exhibit optical transmittance. 
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Chapter 9
Polypropylene nano-composites
9.1 Introduction
Devices made out of thermoplastic polyolefins (TPO´s) find increasing use in the
automotive industry. Particularly polypropylene (PP) is the material of choice because it
is cheap and has good mechanical properties.
[1]
 The use of TPO´s is still limited because
the resistance against scratching and abrasion does not fulfill the demands for surfaces
used in the automotive industry.
A high scratch resistance is equivalent to a high hardness, at least to that of the outer
surface layer. As a basic principle hard, thin layers can be prepared by coating with self-
curing materials or by UV initiated polymerization after coating with suitable monomer
mixtures. These methods lack on high costs because of the additional process steps and
problems of adhesion between the hard coating and the elastic substrate.
The aim of the investigations in this chapter is to find new approaches and methods to
improve the scratch resistance of polypropylene. After basic considerations to the theory
of scratch resistance the focus will be given on composite materials with nanometer sized
inorganic filler particles. Own work will be presented concerning composites made out of
Highlink2 (surface modified silica particles; Clariant) and hyperbranched
polyethoxysiloxanes (PEOS) as described in Chapter 3 and 4.
Polypropylene is a semi-crystalline polymer having typically a melting point of 160-
165°C. The properties for application depend mainly on the degree of crystallization and
the morphology and orientation of the crystalline domains. The properties are furthermore
influenced by the composition of the material and its microstructure and way of
processing. The composition of the material depends on the kind of monomeric linkage
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(head to tail, head to head and tail to tail), its tacticity (atactic, isotactic and syndiotactic)
and molar mass distribution.
[2]
. For commercial applications isotactic polypropylene is the
most important one, because of its stereo regularity leading to a high degree of
crystallinity, which itself has a great influence on the mechanical properties and the
processing behavior.
[3]
Scratch resistance can be described as the property of a material to withstand the
mechanical or abrasive influence of another material.
[4]
 To examine such properties many
empirical methods are in use.
[5]
 In most cases the visual or optical properties of the
surface before and after the test procedure are investigated.
[6]
 Surface damages during
scratching can be mainly divided into two kinds. Deformation of the polymer surface
because of plastic flow and scratches caused by fracture of the polymer surface. Therefore
mechanical properties of the material like young´s modulus , yield stress and coefficient
of friction affect the scratch behavior of the material.
[4,7,8]
 A certain degree of stiffness
diminishes for instance the scratching depth if there is plastic flow. Fracture occurs if the
stress gets higher as the yield stress. Therefore increasing the young´s modulus or the
elongation at break of a material can increase scratch resistance. On basis of such
considerations the scratch resistance of thermoplastic olefins can be improved by
reduction of plastic flow deformation and fracture features via increasing the degree of
crystallinity, incorporation of rubber, use of rigid fillers, additives or lubricants. 
[7,9]
Modification of the surface in the desired way can be accomplished by several methods,
which have in common the use of cross-linking on a molecular scale. Plasma
modification techniques
[10-24]
 generating an oxidic silicon layer,
[25-33]
 coating of the
substrate with a cross-linked layer,
[31,34,35]
 or migration of blended material with
subsequent cross-linking
[36]
 can be classified to these kind of methods. Beside of such
surface modification techniques also the bulk polymer can be modified by the use of rigid
fillers. To modify the bulk properties with rigid fillers in highly efficient way it is
desirable to use small particles having at least in one dimension the size in nanometer
range. If there is good adhesion between the bulk polymer and the filler particles a large
volume fraction of the polymer will be positioned in the interphase regime, giving rise to
improved thermal and mechanical properties. 
[37-39]
In recent time the use of mica-type fillers have attracted high interest because of low
production costs. In this case one dimension of the filler particles is in the nanometer
range. The filler is present as sheets having dimensions of one to a few nanometer
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thickness but hundreds or thousands nanometers length.[40-42] A particular suitable and 
mostly used layered silicate is montmorillonit (MMT), having the same layer and crystal 
structure as talcum and mica but a different layer charge.[43] Compared to conventional 
composites filled with bigger particles one can expect increased stiffness and strength 
giving rise to a improved scratch resistance.  
The most favorable way for industrial production is the melt intercalation process without 
using any solvents. In this case the polymer is melted together with the silicate. Three 
different structures can be possible: (i) a phase separated micro composite (ii) a 
intercalated - or (iii) a exfoliated, delaminated nanocomposite.[41] The third structure is the 
most favorable because the silicate layers are completely and uniformly dispersed in a 
continuous polymer matrix. Because of the polar surface of unmodified MMT miscibility 
is only given for hydrophilic polymers like polyethyleneoxide or polyvinylalcohol. To get 
good miscibility also with apolar polymers like polypropylene one or both components 
have to be modified. The silicate component can be modified via exchange of the alkali or 
earth alkali ions against surfactants which enter the layers, adsorb to the surface and 
allowing apolar interaction with the polymer.[43,44] Further improvement of miscibility can 
be achieved by modification of polypropylene with maleic anhydride.[45-47] The 
mechanical properties of polypropylene MMT nanocomposites show an increase in 
young´s modulus compared to the unfilled polymer or conventional micro composites by 
up to plus 80% accompanied by an increase in scratch resistance.[43] Elongation at break 
seems to be equal for polypropylene mixed with a MMT modified with fluorinated 
surfactants[43] or diminished from 150% to only 7,5% in case of maleic anhydride 
modified polypropylene mixed with stearyl amine modified MMT at a level of 5wt.% of 
inorganic filler.[40] Nearly no change in yield stress is observed between filled and unfilled 
polypropylene.  
Own experiments were conducted to evaluate a possible scratch resistance modification 
of polypropylene by use of silicon dioxide nanoparticles. The nanoparticles were melt 
mixed into the bulk material and transformed by injection molding. The aim of the 
experiments was to test the effect of the silicon dioxide content on surface properties like 
(SiO2 surface coverage, surface polarity and – functionality). The investigations should 
illuminate the extent of surface enrichment of the nano particles. An improved surface 
scratch resistance caused by the silicon dioxide particles compared to the unfilled polymer 
is expected. 
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9.2 Experimental  
9.2.1 Materials 
Polypropylene: Borealis Daplen FS 5031-9504 an unfilled black polypropylene and 
Stamylan DSM PPHC22-20 a polypropylene filled with inorganic particles for 
comparison; both materials are placed at purpose by the Daimler Crysler AG. 
Silicon dioxide nanoparticles: At the one hand two commercial products were used as 
source for silicon dioxide nano particles and on the other hand polyethoxysiloxane acting 
as a SiO2 – prepolymer (see Chapter 3 and 4 of this thesis). The two commercial products 
(Highlink; Clariant) are highly cross-linked spherical silicon dioxide particles with 
diameters in the nanometer range dispersed in organic solvents (see Table 9.1). 
Depending on the type of Highlink product the surface of the silica particles is 
functionalized either with amino or acrylate groups (see Table 9.1 and Figure 9.1). Due to 
that functional groups the miscibility and possible further reactions at the surface or in the 
bulk can be tuned. According to the manufacturer these products cause an increased bulk- 
and surface hardness, as well as improved mechanical properties and heat resistance.[48]  
 
Table 9.1: Calriant Highlink products used for the experiments 
product abbreviation diameter type of functionality / dispersion agent SiO2-content [wt%] 
 
OG 200-33 HL1 50 nm 
 
2-aminoethanol 30 
OG 100-31 HL2 13 nm 2-hydroxyethylmethacrylate 30 
   
 
 
 
O
OSi
O
HL2
NH2
OSi
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Figure 9.1: schematic drawing of the surface functionality of the two different types of 
highlink nano particles (left HL 1, right HL 2) 
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Polyethoxysiloxane acting as a SiO2-prepolymer: The polyethoxysiloxane used for
preparing composites with polypropylene was derived via the silanol-route (compare
Chapter 3). The polymer was characterized using 
1
H-, 
13
C- and 
29
Si NMR and size
exclusion chromatography (SEC) using an evaporative light scattering (ELS) detector.
For a description of the methods refer to chapter 3 and 4. Table 4.1 summarizes the results
obtained from 
29
Si NMR and SEC. According to the 
29
Si NMR spectrum the degree of
branching
[49]
 is 0.62 and the sum formula is (SiO2)(OEt2)0,8. Therefore the ratio of Et2O to
SiO2 is 0.8 giving a degree of cyclization of 0.2. This means in average one cycle can be
found per five silicon atoms plus one additional cycle per molecule intrinsic to a
hyperbranched polyethoxysiloxane polymer (see Chapter 2). The molar mass distribution
of the polymer was derived from SEC using an ELS detector combined with universal
calibration giving a number average molar mass Mn of 2.9 kg/mol and a weight average
molar mass Mw of 3.8 kg/mol, giving a degree of polymerization of almost 24. The 
13
C
NMR spectrum showed two peakgroups each having two peaks, which were not fully
baseline resolved at 59,51 ppm, 59,33 ppm, 18,37 ppm and 18,25 ppm. The 
1
H NMR
spectrum showed as expected two peaks at 3,93 ppm (2H) and 1,23 ppm (3H), which
belong to the proton signals of the ethoxy groups.
Table 9.2: Properties of the polyethoxysiloxane  used as derived from SEC and 29Si NMR
Relative amount of building
blocks
TEOS / T / L / sD / D
[mol-%]a
DBb DCc Silicon
content
[wt.-%]
Silica
equiv.
content
[wt.-%]
Mn
[kg/mol]
Mw
[kg/mol]
DPd
0 / 17.0 / 37.2 /32.7 / 13.1 0.62 0.20 23.7 50.6 2.9 3.8 24
a Acc. to 29Si NMR; T: terminal groups; L: linear groups; sD; semi-dendritic groups; D: dendritic groups b DB: degree
of branching acc. to [49] c DC: degree of cyclization (see Chapter 2) d DP: degree of polymerization (see Chapter 2)
9.2.2 Methods
Drying of Highlink products to obtain the amount of solid fraction. The Highlink products
are liquid dispersions. To calculate the amount of Highlink product necessary to obtain a
certain filler content (on dry basis) in the composite it was necessary to know the amount
of solid fraction. To do so, a certain mass of the products (1.30 g in case of Highlink 1
and 1.91 g in case of Highlink 2) were dried by distilling off the dispersion agent in a
rotational evaporator at reduced pressure. Further drying was done at 0.1 mbar and 60°C
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using a rotary vane vacuum pump until constant mass (0.44 g in case of Highlink 1 and
0.65 g in case of Highlink 2) was achieved giving a solid content of 34 wt.-% in both
cases.
Mixing of polypropylene with the filler materials were done using a twin screw mini
extruder (DSM Type RD11-H-1009-025-4) using nitrogen as inert gas (Figure 9.2). At
first the unfilled polypropylene (Borealis Daplen FS 5031-9504) was melted at 220°C and
after that the silica dispersions or the polyethoxysiloxane was inserted by means of a
syringe. Varying of the ratio of filler to polypropylene was accomplished by varying the
amount of filler material while keeping the amount of polypropylene between 3.0 and 4.0
g. The mixtures were knead for 30 minutes at 30 rpm rotation velocity of the screws. For
comparison a mineral filled polypropylene (DSM Stamylan PPHC22-20) was treated the
same way without using Highlink or polyethoxysiloxane as filler. Small pieces having 2
to 3 cm length and a diameter of 2.5 mm were extruded for thermogravimetrical
measurements and for cutting of slices for transmission electron microscopy (TEM).
Contact angle -, attenuated total reflection infrared - and scanning electron microscopy
measurements were performed using standard moulds made via injection molding at
130°C mould temperature.
(1) motor (6) discharge/recirculation valve
(2) cooling (7) nozzle
(3) syringe (8) left barrel
(4) screws (9) right barrel
(5) recirculation channel (10) control unit for temperature and motor
Figure 9.2: Schematic drawing of the mini extruder (DSM Type RD11-H-1009-025-4) used
for mixing polypropylene with silica dispersions or with polyethoxysiloxane
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Thermogravimetrical analysis (TGA) was performed using a Perkin Elmer TGS-2 system
operating under oxygen atmosphere with a heating rate of 10 K/min.
Infrared spectra were measured with a Bruker IFS 66V vacuum spectrometer operating in
attenuated total reflective (ATR) mode, giving information of the surface composition
down to approximately 1 μm in depth.
Measurements of equilibrium contact angles were carried out with a G 40 (Krüss GmbH)
contact angle measuring instrument. Water droplets were dispensed onto the substrates
using a Hamilton syringe equipped with an electronically automated control allowing a
dosage with an maximum error of 1 μL. The substrate with the droplet is recorded from
the side with a digital camera with zoom. The captured images are processed with a
computer and an appropriate software, which calculates different elliptical shapes
adjusted to the droplet shapes using the contrast between the droplets and the background.
The calculated elliptical shape forms together with the baseline the contact angles of the
droplet. For averaging of the data six droplets were positioned on different places on the
substrates and the contact angle of each droplet was determined ten times.
Scanning electron microscopy (SEM) was performed on a Zeiss DSM 962 apparatus
operating at 20 kV. Prior to measurements the samples were coated with a Pd/Au layer
having a thickness of 20nm. Energy-dispersive X-ray analysis (EDX) of the surfaces was
performed with a 9800 configuration from EDAX International, Mahwah, NJ, USA. The
acceleration voltage of the electron beam, generated by a tungsten incandescent cathode,
was 20 kV. The X-ray beam emitted from a 500 μm x 500 μm area of the sample was
collected by a silicon/lithium semiconductor detector, giving the elemental composition
of the surface down to approximately 1μm in depth. The silica mass fraction was
calculated according to eq. (9.1).
)CH(M)SiO(Mx
)SiO(Mx
SiOfractionmass
22
2
2

 (9.1)
x: molar ratio of silicon to carbon as derived from SEM-EDX
M: molar mass
Transmission electron microscopy (TEM) was performed on thin cuts (50-80 nm) of the
materials floated on water and fished onto carbon coated copper grids (200 mesh). The
images were recorded with a Philips EM 400 T microscope operating at 80 kV.
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9.3 Results and Discussion
Table 9.3 shows the list of materials prepared in this study. The first to fourth column
gives the type and masses of filler material and polypropylene used. The fifth column
shows the mass fraction of solidified filler material calculated taken the silica equivalent
content in case of polyethoxysiloxane and the solid fraction after drying in case of the
Highlink products. The last column lists the mass fraction according to TGA data. It can
be seen that the mass fraction according to TGA measurements is lower than the
calculated one. In case of the silica dispersions this mass loss is due to loss of residual
dispersion agent or solvent during mixing, which is obviously more than the loss obtained
by drying. In case of polyethoxysiloxane the mass loss must be due to condensation
reactions with evaporation of tetraethoxysilane (compare chapter 4) giving a lower silica
amount than calculated. TGA measurements in oxygen atmosphere give not only the
combustion residue, but when recording the mass loss with temperature, combustion
properties can be determined. Figure 9.3 shows the TGA curves and its derivatives of the
materials prepared.
Table 9.3: Calculated filler contents and TGA data of the composites manufactured
Type of filler
material added
Type of
poly-
propylene
Mass
poly-
propylene
[g]
Mass
filler
material a
[g]
Calculated
mass
fraction
[wt.-%] b
Mass fraction
based on
TGA data
[wt.-%]
None Daplen 3,5 - 0 0,0
None Stamylan 4,0 - - 20,4
Highlink 1 Daplen 3,3 1,1 10 8,1
Highlink 1 Daplen 3,0 2,2 20 13,5
Highlink 1 Daplen 3,0 3,7 30 23,1
Highlink 1 Daplen 3,0 3,7 10 24,9
Highlink 2 Daplen 3,3 1,1 20 8,1
Highlink 2 Daplen 3,0 2,2 31 16,8
Highlink 2 Daplen 3,0 3,9 44 24,3
PEOS Daplen 4,0 0,8 9 4,0
PEOS Daplen 3,0 1,7 22 8,5
PEOS Daplen 3,0 2,4 (nominal) c 29 10,9
Highlink 1: Clariant Highlink2 OG 200-33; Highlink 2: Clariant Highlink2 OG 100-31
a these values are based on the mass of filler material inserted into the extruder
b the calculated mass fraction of the filler content is based on the dried Highlink products and on
the silica equivalent content in case of polyethoxysiloxane (PEOS)
c it was not possible to insert the full amount of polyethoxysiloxane
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Figure 9.3: TGA curves and its first derivatives of polyethylene composites. Top left:
Daplen polypropylene without filler (grey); Stamylan polypropylene with 20% mineral
filler (grey dotted); Daplen with 8.1% Highlink 1 (black); with 8.1% Highlink 2 (black
dashed) and with 8.5% polyethoxysiloxane (black dotted). Top right: polypropylene with
8.1(straight), 13.5 (dashed) and 23.1% (dotted) Highlink 1 as filler. Bottom left:
polypropylene with 4.0 (straight), 8.5 (dashed) and 10.9% (dotted) polyethoxysiloxane as
filler. Bottom right: polypropylene with 8.1(straight), 16.8 (dashed) and 24.3% (dotted)
Highlink 2 as filler.
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At the top left corner TGA curves and derivatives are shown for the Daplen
polypropylene without filler (grey); Stamylan polypropylene having 20% mineral filler
(grey dotted); Daplen with 8.1% Highlink 1 (black); with 8.1% Highlink 2 (black dashed)
and with 8.5% polyethoxysiloxane filler (black dotted). Up to 250°C approximately no
change in mass loss can be observed. From 250°C on all material show a loss in mass.
The polypropylene without inorganic filler, shows a more pronounced decrease in mass
compared to the filled polypropylene materials. For instance at 300°C only 20% mass is
left for the unfilled material whereas still 80% mass is left in case of the polypropylene
materials with inorganic fillers. On further heating up to roughly 350°C the mass of the
filled materials decrease with the same rate. At 350°C the polyethoxysiloxane filled
polypropylene shows a sharp decrease in mass corresponding to an abrupt burning of the
material. Such behavior can be also seen taking a look to the Highlink filled materials but
more weakly pronounced and starting at roughly 380°C. Up to this temperature the
polypropylene materials filled with 8 wt.-% Highlink products show the same behavior as
the Stamylan material having 20 wt.-% filler content. Increasing the Highlink filler
content results in a lower temperature, where the abrupt burning occurs. This can be seen
taking a look at the top and the bottom graphs at the right side of Figure 9.3 showing the
graphs for the Highlink filled materials with varying filler content. Comparing the curves
for the materials filled with either Highlink 1 or Highlink 2 particles, no difference can be
seen, giving rise to the assumption the spherical particle shape of the silica particles of
both products influences the flammability in the same way. At the bottom left side of
Figure 9.3 the TGA curves for the polyethoxysiloxane filled materials with varying filler
content are shown. All three curves show roughly the same shape, showing no such
pronounced decrease in inflammation temperature with filler content as the Highlink
filled materials do.
Summarizing the TGA investigations the materials with inorganic fillers show a reduced
inflammation behavior compared to the not filled material. 8 wt.-% Highlink filler have
the same effect on reducing flammability as 20 wt.-% filler in case of the Stamylan
polypropylene. Increasing the amount of Highlink filler results in an inflammation at
lower temperatures. No such effect of the amount of filler content can be seen in case of
the polyethoxysiloxane.
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Concentration of silica at the surface: The question to what extent an enrichment of
silicon atoms at the surface compared to the bulk occurred was measured using two
different methods. Using attenuated total reflection infra red spectrometry (ATR-IR) it
was possible to get infra red spectra of the surface. On the other hand the concentration of
silicon atoms to carbon atoms was measured using scanning electron microscopy
combined with x-ray microanalysis. By comparing these data with the mass fraction of
the residue according to TGA analysis it is possible to compare the surface composition
with the bulk composition.
Figure 9.4: Normalized ATR-IR spectra of the samples prepared (compare Table 9.3). The
spectra are shifted vertically for clarity.
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The ATR-IR spectra of the different samples (Figure 9.4) were normalized according to
the signal of the (C-H) bending vibration of polypropylene at 1450 cm
-1
. The
absorbance of the (Si-O) stretching vibration at 1100 cm
-1
 is according to Lambert-
Beer´s law proportional to the concentration of silicon atoms. With increasing amount
of filler the height of the absorption band at 1100 cm
-1
 increases too due to an increased
amount of silicon oxygen bonds at the surface. A plot of the height of the normalized
absorption due to silicon oxygen bonds against the filler content as determined with
TGA can be seen in Figure 9.5.
Figure 9.5: Plot of the normalized absorption of the Si-O stretching vibration as
determined with ATR-IR spectrometry versus the inorganic filler content as determined
with TG analysis. The black squares correspond to composites with amino-functional
Highlink particles, the upright black triangles to the acrylate functional Highlink particles,
the grey triangles to polyethoxysiloxane composites and the black circle to the Stamylan PP
composite. The lines are guidelines for the eyes only.
A linear dependence of the normalized absorption can be seen in case of the Highlink 1
polypropylene composites showing the same ratio of the normalized absorbance to filler
content as the commercial Stamylan mineral filled composite material. The composites
with acrylate functional Highlink 2 particles show a lower normalized absorbance at same
filler content. Therefore an impoverishment of silica at the surface compared to the bulk
concentration can be assumed. The PEOS composites show a higher normalized
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absorbance at same filler content compared to the Highlink composites. This can either be
caused by an higher silica concentration compared to the Highlink composites or by a
higher absorption coefficient of the PEOS material. To answer this question and to further
elucidate the dependence of the silica surface concentration compared to the bulk
concentration the materials were subjected to X-ray microanalysis.
Figure 9.6: Plot of the silica surface concentration as determined via X-ray microanalysis
(see eq(9.1)) versus the inorganic filler content as determined with TG analysis. The black
squares correspond to composites with amino-functional Highlink particles, the upright
black triangles to the acrylate functional Highlink particles, the grey triangles to
polyethoxysiloxane composites. The lines are guidelines for the eyes only.
Using scanning electron microscopy (SEM) combined with energy dispersive X-ray
analysis (EDX) it was possible to derive (see eq. (9.1)) the silica mass fraction of the
composites close to the surface. Figure 9.6 shows these data versus the inorganic filler
content as determined by TGA. As well as in case of plotting the normalized absorption a
linear dependence can be seen in case of the composites filled with the Highlink 1
particles (black squares in Figure 9.6). The proportionality coefficient is 0.8. This means
the silica surface concentration is 80% of the bulk concentration in this case. The
Highlink 2 composites show a even lower silica surface concentration of roughly only
50% of the bulk concentration. The polyethoxysiloxane composites show for low
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amounts of filler the same ratio of silica surface concentration to bulk concentration as the
Highlink 1 filled material. Therefore the higher normalized absorption compared to the
Highlink materials observed during the IR measurements is due to a higher absorption
coefficient and is not due to a higher silica concentration at the surface. For 11 wt.-%
polyethoxysiloxane bulk filler content a decrease of silica at the surface can be observed (
(compare also Figure 9.5).
Figure 9.7: Plot of the average contact angle of water versus the inorganic filler content of
the materials. The black squares correspond to composites with amino-functional Highlink
particles, the upright black triangles to the acrylate functional Highlink particles, the grey
triangles to polyethoxysiloxane composites and the black circle to the Stamylan PP
composite. The vertical error bars correspond to the calculated standard deviation of the
measurements. All other lines are guidelines for the eyes only.
Contact angle measurements: Further information about the surface characteristics was
obtained using contact angle measurements (Figure 9.7). The water contact angles of the
Highlink 1 composites decrease with increasing filler content, which can be explained by
an increasing concentration of silica particles and its functional groups at the surface. The
amino groups should increase the polarity of the surface giving rise to a decrease of the
water contact angle. But this decrease (), = - 10°) can only be found for the composite
with the highest filler content of 22 wt.-%. The apolar methacrylate groups of the
Highlink 2 particles lead to a systematic increase in contact angle, also at low filler
contents. The maximum increase of the composite to water contact angle equals roughly
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), = 12° at a filler content of 24 wt.-%. In case of the polyethoxysiloxane composites no
clear picture can be drawn. From a theoretical point of view polar silica particles at the
surface, generated via the reaction of polyethoxysiloxane with moisture from the
surrounding atmosphere, should lead to a decrease of the water contact angle compared to
the unfilled material. This can be seen for the composites with 8 and 11 wt.-% filler
content. But the composite with 4 wt.-% exhibits a higher average water contact angle as
the unfilled material, though the difference of ), = 3° is quite small and presumably
caused by the scattering of the data expressed by the error bars in Figure 9.7. The water
contact angle of the PEOS composite having 11 wt.-% filler is of the same order as the
one of the composite with 8 wt.-%, which might be due to their same silica surface
concentration as measured by X-ray micro analysis (compare Figure 9.6). The water
contact angle of the commercial Stamylan composite is similar to the one of the
composite with Highlink 1 particles and can be explained by an increasing concentration
of mineral particles at the surface making the surface more polar.
Phase morphology: The bulk phase morphology of the composites were investigated via
transmission electron microscopy (Figure 9.8). Due to their higher electron density
inorganic components appear as dark black colored and sharp defined areas. On the image
of a thin cut of unfilled polypropylene (Figure 9.8a, Daplen) one can see only dark areas
with blurred edges, caused by areas of locally different density. Opposed to that the image
of a thin cut of a conventional mineral filled polypropylene (Figure 9.8b, Stamylan) show
micrometer large inorganic particles having no regular shape. Both Highlink filler consist
indeed of spherical particles with rather uniform diameters of roughly 50  10 nm
(Highlink 1), and 15  5 nm (Highlink 2) as can be seen from Figure 9.8c (Daplen / 13.5
wt.-% Highlink 1) and from Figure 9.8d (Daplen / 24.3 wt% Highlink 2). Furthermore in
both Highlink filled samples the silica particles are not fully homogenous distributed but
form bigger agglomerates in the range of 1 to 3 3m in size. This inhomogeneous
distribution might be the reason for (i) the lower silica surface concentration compared to
the bulk and (ii) the relatively small change of the water contact angle at low filler
contents. Apparently the process and the conditions for filling of polypropylene with
Highlink has to be improved. The particles emerged from polyethoxysiloxane are to small
to be seen at the magnification used here. The corresponding image (Figure 9.8 e) is
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something darker as that of the pure polypropylene (Figure 9.8 a), maybe due to a
homogenous distribution of the filler material. Especially the absence of areas with locally
high silicon concentrations or big agglomerates has to be mentioned here. A similar
behavior can be observed at the surface. Figure 9.9 shows scanning electron microscopy
(SEM) images of the Daplen / silica nanocomposites recorded with a back scattering
electron energy (BSE) detector. Bright spots correspond to areas having high electron
density, i.e. a high silicon concentration, where the scanning electron beam is scattered
preferentially.
Figure 9.8: Transmission electron microscopy images of representative samples of (a)
Daplen (PP without filler) and (b) Stamylan (mineral filled PP) and of the silica composites
(c) Daplen/HL1 (13.5 wt.-%), (d) Daplen/HL2 (24.3 wt.-%), (e) Daplen/PEOS (10.9 wt.-%)
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According to expectations in pure polypropylene (Figure 9.9 a) one can find barely bright
areas, whereas one can detect areas having high silicon concentrations in the composites
(Figure 9.9 b-d). The homogeneity  of the silicon concentration increases going from HL1
(b), HL2 (c) to PEOS (d). As in the case of the TEM images one can observe a few but
large cluster with diameters of 2-8 μm in the presence of the amino functional Highlink 1
particles. The methacrylate covered Highlink 2 particles are present in a larger amount per
given area and the diameter of the agglomerates formed is with 1-5 μm a little bit smaller.
Although one can see a more homogenous lightening at the surface of the Daplen / PEOS
composites (Figure 9.9 d) compared with Figure 9.9 b and Figure 9.9 c, areas with
diameters of 1-3 μm can be observed and are clearly bigger than the primary particles in
the bulk phase.
Figure 9.9: Scanning electron microscopy images of representative samples of the Daplen
composites: (a) without filler (b) HL1 (24.9 wt.-%), (c) HL2 (24.3 wt.-%), (d) PEOS (10.9
wt.-%). The images were recorded with a back scattering electron energy detector. Bright
spots correspond to areas with high electron density, in this case to areas having a silicon
concentration.
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9.4 Conclusion
Commercial available functional silicon dioxide nanoparticles (Highlink 1 and Highlink
2, Clariant) and a hyperbranched polyethoxysiloxane silica prepolymer as synthesized and
described in Chapter 3 and 4 of this thesis were melt blended with polypropylene. It was
possible to blend the polypropylene with roughly 20 wt.-% of the commercial fillers and
with 10 wt.-% of the polyethoxysiloxane, without making the blends obviously brittle. It
was shown that already 8 to 10 wt.-% nanoparticles has the same effect on flammability
as 20 wt.-% commercial type mineral mikro particles. Depending on type of precursor
used the silica surface concentration varied between 75% (Highlink 1 and PEOS) and
58% (Highlink 2) of the bulk concentration of the individual filler material. The effect of
the filler on the contact angle of water is depending on the type of functionality of the
nanoparticles, but clearly observable only above 10 – 15 wt.-% filler content. This might
be due to an inhomogeneous distribution of the filler particles, as well as the formation of
large agglomerates in the μm range in the bulk and on the surface. A more homogeneous
distribution might be possible using a master-batch procedure maybe by the aid of solvent
based technologies to create at first a high and homogeneous distributed filler
concentration in a small amount of polymer (Master-Batch), which can be afterwards
mixed as granule or powder with the standard polymer. This procedure would also
essentially decrease the process time in the extruder, due to shorter diffusion pathways.
Further improvements might be possible using (i) low molar mass or makromolecular
emulsifier or (ii) nanoparticles having a more appropriate polarity. Especially the use of
amphiphilic or partial fluorinated nanoparticles might be of advantage, because such
particles concentrate on the surface and amplify therefore the desired properties for
getting a hard surface.
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Chapter 10
Sulfonated polyetheretherketone nano-composites
10.1 Introduction
Aside from some incremental advances made by Dupont, Dow and Aski Glass,
perfluorinated membranes employed for fuel cell applications are fundamentally the same
to the ones introduced in the 1960´s.
[1-3]
 Apart from some advantages from lowering the
equivalent weight of the membranes, the main improvement was done by simply
lowering the thickness of the membranes, causing lower membrane resistance, better
hydration of the whole membrane and lower material utilization.
[4]
 Nevertheless the
desirable properties for use as a proton conductor in electrochemical systems are: a)
chemical and electrochemical stability under the system operating conditions; b)
mechanical strength and stability; c) chemical components compatible with the bonding
requirements of the polymer electrolyte membrane (PEM); d) extremely low permeability
to reactant species to maximize coulombic efficiency; e) uniform and constant electrolyte
content even at high temperatures and currents; f) high proton conductivity to support
high currents with minimal losses and zero electronic conductivity; g) compatibility of its
production costs with those of the application.
The use of pure hydrogen obtained by electrolytic process is not an economically
convenient route. On the other hand hydrogen obtained by the so called reforming process
of light hydrocarbons or methanol contains still carbon monoxide (CO), which is a strong
poison for the anode catalyst at low temperature.
[5]
 The elimination of small amounts of
the CO from the hydrogen is presently a very expensive process which consistently
increases the cost of cell operation. Thus hydrogen containing about 100 ppm of CO is the
typical fuel used in fuel cell systems. Therefore membranes are needed which can be
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operated at temperatures higher than 110°C, because the tolerance of the anode catalyst
against CO increases with increasing temperature. The same holds for membranes used in
direct methanol fuel cell (DMFC), where methanol will be directly fed into the system
without prior reforming. In this case membranes with a very low permeability to methanol
is a second goal strongly wanted.
Perfluorinated membranes like Nafion
®
 are expensive to produce and have a high
permeability to methanol lowering the coulombic efficiency and the effectiveness of the
membrane in a DMFC.
[6]
 Operation at temperatures higher than 100°C is not possible,
because Nafion
®
 membranes will loose water causing lower performance, even under
external pressurization.
Two major strategies are commonly followed in the research activities for the
development of new electrolytic membranes, capable to replace or even beat Nafion
®
.
The first route is to functionalize polymers with acidic groups and the second is to fix
soluble electrolytes in solid matrices formed of inorganic or organic materials.
Recently membranes were developed made from sulfonated aryl polymers like sulfonated
polyetheretherketone (PEEK), polyetherketone (PEK) and polyaryleneethersulfone.
[7-9]
 A
major drawback of the sulfonated aryl polymer membranes are their high swelling
behavior in water at elevated temperatures lowering their mechanical strength and
reducing their performance in fuel cells. To lower the swelling behavior of sulfonated aryl
polymers in water it is possible to blend them with polybenzimidazole (PBI) causing
cross-linking via protonation of the PBI. This cross-linking occurs already at room
temperature in a suitable solvent like N-methylpyrrolidone (NMP) resulting in an
insoluble polyelectrolyte complex.
[10]
 For producing membranes the sulfonated polymer
has to be converted to their salt form, resulting in an additional preparation step.
With membranes made from modified high temperature stable polymers, like PBI some
of the above mentioned problems can be overcome. Usually the PBI is treated with
phosphoric acid to get high proton conductivity and obtain a membrane suitable for
operation temperatures above 150°C.
[11]
 The phosphorous acid molecules are bound to the
polymer via hydrogen bonds or via protonation of the imidazole groups. Such membranes
show good mechanical strength up to 200°C and the methanol crossover rate is one tenth
that of Nafion
®
.
[12,13]
 In addition it is reported that the phosphoric acid dopant is retained
inside the polymer matrix.
[14,15]
 In contrast to these results some groups report, that the
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electrolyte will be washed out under fuel cell conditions and show poor actual cell
performance due to the particularly non facile oxygen reduction in non-aqueous media.
[16]
Beside of blending acidic with basic polymers another growing field of research in the
sense of fixing soluble electrolytes in organic or inorganic matrices is the preparation of
organic-inorganic hybrid materials.
[17-31]
Attempts to improve the performance of hydrated membranes at temperatures higher than
100°C were done by the use of nano-dispersed Pt in combination with nano-crystalline
oxides such as TiO2 or SiO2 (3 wt.-% compared to dried Nafion
®
) under extremely dry
conditions.
[32]
 Though such oxides does not act as electrolytes, they can retain the
produced water within the membranes, because of their hygroscopic character. Therefore
this concept does not require external humidification and suppresses additionally the
crossover of hydrogen and oxygen.
Mauritz et al worked from the late 1980´s on extensively on the preparation of Nafion
®
 -
inorganic oxide nanocomposite membranes via immersing Nafion
®
 membranes with
different metal alkoxide solutions and subsequent sol-gel reactions in the membranes. The
nanomorphology of the Nafion
®
 membrane act hereby as a template for the oxidic phase.
They were able to produce membranes filled with TiO2, SiO2 and ZrO2. Immersing the
membrane only from one side yields asymmetric membranes.
[33-41]
Composite silica recast Nafion
®
 membranes made from Aerosil show good performance
in a liquid feed DMFC operating at 145°C.
[42]
 But it is still a field of discussion if silica
can indeed enhance the performance in fuel cell membranes. This is clearly not the case
compared to data measured with standard Nafion
®
 membranes at 130°C operating
temperature.
[43]
 But actually in both cases the fuel cells were operated at unrealistic high
pressures to ensure good hydration of the membranes.
The conductivity is proportional to the concentration of mobile protons within a
membrane. Therefore another strategy is not only to incorporate oxides into the
membranes but also non volatile acids acting as electrolytes. Incorporation of inorganic
proton conductors like Zr(HPO4), phosphorous acid or molten acidic salts into Nafion
®
result in high proton conductivity at temperatures above 130°C.
[44-48]
 Another promising
approach is the use of heteropolyacids like silicotungstic acid or phosphotungstic acid as
electrolytes.
[49-52]
 One severe problem using such compounds is as in the case of
membranes doped with phosphorous acid the long term stability of the membranes, i.e.
the acids can be washed out during fuel cell operation. A possible approach to overcome
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this problem is the anchoring of the heteropolyacids on silica using a sol-gel approach and
incorporating the prepared powders in polybenzimidazole matrices.
[53]
Here a combined approach of several strategies will be presented. Inorganic-organic
composite membranes were prepared consisting of sulfonated PEEK, phosphotungstic
acid and hyperbranched polyethoxysiloxane acting as a silica precursor polymer, which is
converted to silica during the preparation process. The sulfonated PEEK serves as binder
for the inorganic material and in combination with the phosphotungstic acid as electrolyte.
The silica precursor polymer should work as anchoring material for the phosphotungstic
acid. Furthermore the inorganic material should provide better water retaining behavior of
the membranes at temperatures above 100°C compared to unfilled sulfonated PEEK.
10.2 Experimental
10.2.1 Materials
Hyperbranched polyethoxysiloxane (PEOS) was derived via the silanol route and
characterized using 
29
Si-NMR and size exclusion chromatography (SEC) combined with
an ELS detector and universal calibration. For a detailed description of the methods used
refer chapter 3 and 4.
[54-58]
 Table 10.1 shows the characteristics of the
polyethoxysiloxanes used in this part of chapter 10. In deviation to the method described
in Chapter 3 the polyethoxysiloxane named PEOS 36 was further treated to remove the
yellowish color present in all the polymers synthesized. To remove the color the polymer
was stirred for 30 min at room temperature with 1 wt.-% active char coal (Merck,
Germany: article number 1.02186.0250) in a twofold volume dry hexane (dried via
distillation with lithium aluminum hydride). After filtration using a inert gas filter no 4
and removal of the hexane in vacuum using in a first step a rotary distillation device
operating at 40°C and 170 mbar and further treatment in a second step at 1 mbar and 25°C
over night, a colorless and transparent product was obtained. The molar mass (see
column7 and 8 of Table 10.1 ) of the polymer named PEOS 36 is significantly higher than
that of the other two polymers. This might be due to the additional treatment with active
char coal to remove the yellow color of the product. Characteristics derived from 
29
Si-
NMR defer only slightly and might be due to a inherent scattering of the method.
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Polyetheretherketone (PEEK, Victrex, 450PF), phosphotungstic acid hydrate (HWA,
puriss, Fluka), Ethanol (seccosolv, Merck) and sulfuric acid (95-98 wt.-%, Fluka) were
used without further purification. N-methylpyrollidon (NMP, for synthesis, Merck) was
dried using a column filled with molecular sieve (type A4, Merck, Germany). According
to Karl-Fischer titration the water content was less than 0.02 wt.-%.
Table 10.1: Characteristics of hyperbranched polyethoxysiloxanes used for preparing s-
PEEK composite membranes as derived from SEC and 29Si NMR
ID Relative amount of building
blocks
TEOS / T / L / sD / D
[mol-%]a
DBb DCc Silicon
content
[wt.-%]
Silica
equiv.
content
[wt.-%]
Mn
[kg/mol]
Mw
[kg/mol]
DPd
PEOS34 1.1 / 20.3 / 32.7 / 34.0 / 11.9 0.64 0.18 23.2 49.6 3.0 6.6 25
PEOS36 1.5 / 20.2 / 34.2 / 30.9 / 13.2 0.63 0.17 23.1 49.4 4.6 18.5 38
PEOS38 1.0 / 16.0 / 41.7 / 34.8 / 6.4 0.55 0.15 22.8 48.8 2.1 4.1 17
a  Acc to 29Si NMR; T: terminal groups; L: linear groups; sD; semi-dendritic groups; D: dendritic groups; b degree of
branching acc. to [59]; c  degree of cyclization (see Chapter 2);  d degree of polymerization (see Chapter 2)
10.2.2 Methods
Proton conductivity measurements were carried out on stamped membrane samples
having 1cm diameter. The measurements were performed using a self-made cell under
controlled conditions of temperature and 100% relative humidity by measuring the
resistance with an impedance spectrometer operating at 20 mV and 1 Hz to 2 MHz. The
resistance was recalculated to specific conductivity taking into account the thickness and
area of the samples.
Scanning electron microscopy (SEM), was performed on a Zeiss DSM 962 apparatus.
Prior to measurements the samples were coated with a Pd/Au layer having a thickness of
20 nm. Energy-dispersive X-ray analysis (EDX) of the surfaces was performed with a
9800 configuration from EDAX International, Mahwah, NJ, USA. The acceleration
voltage of the electron beam, generated by a tungsten incandescent cathode, was 20 kV.
For performing images of cross sections the samples were freeze fractured.
Transmission electron microscopy (TEM) was performed using thin cuts of membrane
samples embedded in epoxy resin. The images were recorded with a Philips EM 400 T
microscope operating at 80 kV
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Swelling behavior of the membranes was measured according to standard procedures for
water absorption of polymers (DIN 53495). A membrane sample between 0.5 and 6 g
mass was inserted into water. The water together with the sample was then heated to the
desired temperature. After 48 to 72 h the water was allowed to cool to room temperature.
The membrane sample was then taken out of the water, dried at the surface using
cellulose tissues and the mass of the swollen membrane was determined. The time span
between removing the sample out off the water and determination of the mass was held as
short as possible. The dry mass of the membrane was determined after drying the sample
in a vacuum oven to constant mass. The swelling ratio was calculated by dividing the
difference of swollen membrane mass to dry membrane mass by the dry membrane mass.
Thermogravimetrical analysis (TGA) was performed using a Perkin Elmer TGS-2 system
operating under oxygen atmosphere. If not stated elsewhere the heating rate was 10
K/min.
NaOH
dry
NaOH c
m
V
IEC  (10.1)
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DStitr: degree of sulfonation based on titration
nsPEEK: number of sulfonated repetition units
nPEEK: number of not sulfonated repetition units
MPEEK: 288.30 g/mol
MsPEEK: 368.36 g/mol
Degree of sulfonation and ion exchange capacity based on  titration: The determination
of the ion exchange capacity and the amount of SO3H groups per repetition unit was
performed via titration.
[60]
 A piece of the membranes was stirred for 24 h in a saturated
sodium chloride solution to exchange the protons in the membrane by sodium ions. The
protons migrate into the solution and were titrated with sodium hydroxide solution. The
ion exchange capacity (IEC in meq/g) of the membrane is calculated acc to eq. (10.1)
using the volume (VNaOH in mL) and concentration (cNaOH in meq/mL)) of consumed base
and the mass (mdry in g) of the dry membrane. The degree of sulfonation as defined as the
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ratio of sulfonated repetition units to total number of repetition units can be calculated acc
to eq. (10.2) using the respective molar masses and the ion exchange capacity as
determined before.
Elemental analysis (C,H,S) was performed using a Heraeus CHNO Rapid Analyser for
carbon and hydrogen contents. Sulfur analysis was performed at the INEOS institute of
organo-element compounds (Russian academy of science, Russia). Calculation of the
degree of sulfonation based on sulfur and carbon elemental analysis was performed acc.
to eq. (10.3). Values from hydrogen elemental analysis cannot be used presumably due to
the presence of residual water.
sulfurcarbon
sulfurcarbon
PEEKsPEEK
sPEEK
.anal.elem
Mx
xM19
nn
n
DS 

 (10.3)
DSelem.anal.: degree of sulfonation based on carbon and sulfur elem. anal.
nsPEEK: number of sulfonated repetition units
nPEEK: number of not sulfonated repetition units
xsulfur: sulfur content derived from elem. anal.
xcarbon: carbon content derived from elem. anal.
Msulfur: 32.07 g/mol
Mcarbon 12.01 g/mol
10.2.3 Synthesis
Sulfonated Polyetheretherketone (s-PEEK)
[60,61]
 : 20 g of PEEK was dissolved in 1 L of
sulfuric acid in a three necked flask at room temperature. The mixture was then stirred for
40 to 120 h at room temperature and subsequently dropped into water resulting in
precipitation of sulfonated PEEK. The precipitate was washed several times with water
until the washing water had a pH between 6 and 7. The product was dried for 10 to 24 h at
100°C using a vacuum drying oven. Table 10.2 summarizes the properties of the materials
prepared. As can be seen in column 3, 4, 6 and 8 the degree of sulfonation, the ion
exchange capacity as well as the proton conductivity decreases with decreasing reaction
time. The polymers having a high degree of sulfonation dissolve in hot water, whereas the
ones having a lower degree of sulfonation swell and do not dissolve.
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Table 10.2: Characteristics and properties of the sulfonated PEEK materials prepared
ID Reaction
time
[h]
Ion
exchange
capacity
[meq/g]
DStitr
based on
titration a
elemental
analysis
C/H/S
found
[wt.-%]
DSelem.anal.
based on sulfur
and carbon
elemental
analysis b
Swelling
[%]
at 80°C/95°C
Proton-
conductivity
[S/cm]
SPEEK 1 120 2,05 0,71 61,0/4,0/5,6 0.65 dissolving 3,32 10-²
SPEEK 2 120 2,1 0,73 n.d. -- -- --
SPEEK 3 115 1,99 0,68 n.d. -- --- --
SPEEK 4 70 1,62 0,54 68,0/3,8/5,0 0,52 98/strong
dissolving
7,15 10-3
SPEEK 5 70 1,65 0,55 67,0/4,1/5,0 0,53 130/ dissolving 1,18 10-2
SPEEK 6 95 1,8 0,61 n.d. -- -- --
SPEEK 7 40 1,35 0,44 67,5/4,0/4,1 0,43 40/184 5,57 10-3
a DS: degree of sulfonation: SO3H groups per repetition unit as calculated acc. to eq. (10.2)
b DS: degree of sulfonation: SO3H groups per repetition unit as calculated acc. to eq. (10.3)
Membrane preparation:
Method 1: Membranes containing s-PEEK, PEOS and HWA: At first a 5 wt.-% solution
of s-PEEK7 in NMP was prepared. In a second step solutions of HWA and PEOS34 in
ethanol were prepared in such way that the mass ratio of inorganic material to ethanol was
9 wt.-% and the ratio of HWA to PEOS was 31:69 by weight if not stated elsewhere. By
mixing different amounts of s-PEEK solution with the solution, containing the inorganic
material, it was possible to change the ratio of inorganic to organic content of the
membranes. The membranes itself were prepared by pouring the final solutions into petri
dishes. The solutions were dried at first for 15 min at 90°C and then at 120 to 130°C for
20 to 30 min using a hot plate.
Method 2: Membranes containing s-PEEK and PEOS prepared by a casting procedureAt
first a 5 wt.-% solution of s-PEEK2 in NMP was prepared. In a second step a 1.65 wt.-%
solution of PEOS36 in NMP was prepared. By mixing different ratios by volume of these
two solutions it was possible to get composite membranes with varying PEOS content.
The membranes itself were prepared by pouring these solutions into petri dishes. The
solutions were dried at 120 to 130°C for 25 to 40 min using a hot plate.
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Method 3: Membranes containing s-PEEK and PEOS prepared using a centrifuge: For
preparation of composite membranes using a centrifuge mixed solutions of method 1
without using HWA were given by means of a syringe into a self-made beaker rotating in
a centrifuge (rotation speed 15000 rpm, diameter 10 cm; height 3 cm; see Figure 10.1).
By dropping the solution at high rotation speed onto the rounded elevation in the middle
of the beaker the solution is passed onto the wall of the beaker and forms there after a few
minutes an homogenous film. The solvent is evaporated during a time span of 40 min by
means of heating the outer wall of the beaker with an hot air stream generated by an hot
gun. The dry film is removed from the side wall.
Figure 10.1: Schematic drawing of the cross section of the beaker used in the preparation
process of composite membranes using a centrifuge. The membrane formation works via
dropping the solution containing the dissolved components at high rotation speed onto the
rounded elevation in the middle.
Method 4: Membranes containing s-PEEK and PEOS prepared via a spraying process:
10 mL of a 5 wt.-% solution s-PEEK5 in NMP and 10 mL of a 5 wt.-% solution of
PEOS38 in NMP were mixed. Roughly 10 mL of the clear transparent solution was
sprayed using a forcingpump vaporizer (No 215Q6575, Merck eurolab GmbH, Darmstadt
Germany, 1 Liter, small nozzle) equipped with a self-produced round bottom cylindrical
glass insert (20 mL volume, inner diameter 30 mm, length 17 cm, 2 mm wall thickness)
onto a 100°C hot glass plate (20 cm x 20 cm) laying in a 100°C preheated chamber. The
hereby generated aerosol discolored immediately after contact with the hot glass plate to
white and got turbid. Further drying at 100°C and 3 mbar reduced pressure yielded a
slightly brownish, flexible but very turbid film, which was removed from the glass plate
using a sharp knife.
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Method 5: Membranes containing s-PEEK and PEOS prepared via swelling the s-PEEK
with a prehydrolyzed PEOS solution: In a first step 195 mg s-PEEK5 were dissolved in 4
g NMP, cast into a petri dish having a diameter of 5 cm and the solvent was evaporated.
In a second step a solution of prehydrolyzed PEOS38 was prepared. To do so, 88 mg
PEOS were dissolved in 1 mL methanol (technical) and 0.2 mL hydrochloric acid (35%
Merck, Germany) were added. This mixture was heated for 10 min at the boiling point.
After cooling to room temperature 2 mL demineralized water were added (note: silica will
precipitate when hydrolyzing the PEOS using acidified water without methanol). Then
the s-PEEK film prepared in the first step was swollen at 60°C for 60 min with the
solution containing the prehydrolyzed PEOS. During this procedure the s-PEEK film was
been swelling by a factor of approximately 3 by volume. In a first drying step the film
was dried over night using an air stream generated by a digestorium at ambient
temperature. A transparent but brittle film of 259 mg mass (theory 238 mg, nominal 18
wt.-% silica content) was obtained. After further drying at 70°C for 2 h at a reduced
pressure of 3 mbar the mass was 233 mg.
Figure 10.2: Thermo gravimetrical analysis (TGA) of a s-PEEK composite membrane
having nominal 30 wt.-% inorganic filler. (performed under an oxygen atmosphere with a
heating rate of 2 K/min) prepared according to method 1.
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10.3 Results and Discussion
Thermal Stability: Figure 10.2 shows the diagram of a thermo gravimetrical analysis of
a composite membrane having nominal 30 wt.-% inorganic material content. In the
temperature range up to 100°C the mass loss is 13% of the initial mass. This mass loss
can be attributed to the loss of physically bond water. The mass loss of 7 wt.-% between
230°C and 400°C correspond to the release of chemically bond water and to the
decomposition of SO3H groups. From 400°C to 450°C the membrane bulk material itself
decomposes with an incombustible residue of 25 wt.-%.
Swelling behavior: Figure 10.3 shows the temperature dependent swelling behavior of a
composite membrane containing 10 wt.-% HWA and 20 wt.-% PEOS compared to an
unfilled membrane. The swelling of the composite matrix is at temperatures up to 80°C
5% to 15% lower as it is the case for the pure s-PEEK. Even more important is the fact
that the swelling of sulfonated PEEK at 95°C can be suppressed by an factor of 4 via
incorporation of HWA and PEOS. Additional experiments have to show if this
suppression is enough for operation in a fuel cell.
Figure 10.3: Temperature dependent swelling behavior of a pure sulfonated PEEK
membrane () compared to a composite membrane containing 10 wt.-% HWA and 20 wt.-
% PEOS according to method 1 () (The points are connected to provide guidelines for the
eyes)
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Proton Conductivity: As can be seen from the left diagram of Figure 10.4 the proton
conductivity of the composite membranes is higher as for a pure s-PEEK membrane. The
proton conductivity increases as the content of HWA and PEOS increases. The
conductivity reaches a plateau of around 0.04 Scm
-1
 at about 30 wt.-% inorganic material
content and is only slightly lower as for Nafion, having 0.058 Scm
-1
. The increase of
proton conductivity with increasing filler content can be attributed to the intrinsic
conductivity of HWA, which equals 0.17 Scm
-1
.
[51]
The temperature dependence of the proton conductivity was measured for the composite
membrane having 30 wt.-% inorganic material as well as for Nafion (see right diagram of
Figure 10.4). Both material show an increase of the proton conductivity with temperature,
but the rate of increase is higher for the composite membrane. At a temperature of 120°C
the proton conductivity of the composite is already higher as the one of Nafion,
presumably due to a better water retention behavior.
Figure 10.4: Left diagram: the squares correspond to the proton conductivity at room
temperature of s-PEEK composite membranes containing different amounts of inorganic
material. The half filled circle correspond to the room temperature proton conductivity of
Nafion 117. Right diagram: proton conductivity as a function of temperature of a
membrane containing 14,4 wt.-% HWA and 15,6 wt.-% PEOS acc to method 1 (squares)
and of a Nafion 117 membrane (half filled circles). The straight lines in both diagrams are
drawn as guidelines for the eyes only.
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Figure 10.5: Scanning electron microscopy image cross section (left) and a transmission
electron microscopy image (right) of a s-PEEK composite membrane containing 10 wt.-%
HWA and 20 wt.-% PEOS prepared according to method 1.
Figure 10.6: Scanning electron microscopy image of the surface (left) and a transmission
electron microscopy image (right) of a s-PEEK composite membrane containing 20 wt.-%
PEOS without HWA prepared according to method 2.
Phase morphology: The phase morphology of the membranes was investigated using
scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
Figure 10.5 shows representative images of membranes containing 10 wt.-% HWA and
20 wt.-% PEOS in sulfonated PEEK. One can see ball like objects of 2 to 5 μm diameter
embedded in a continuous matrix. Electron diffraction x-ray microanalysis showed the
balls consist of silica. Taking a closer look to the continuous matrix with TEM one can
see another phase embedded in the continuous matrix beside of the silica balls. This phase
consists of particles with diameters of 10 to 20 nm. To answer the question if the
heteropohosphotungstic acid (HWA) causes the phase in the nanometer range,
membranes were prepared consisting only of PEOS and s-PEEK. Figure 10.6 shows at
the left side a SEM image of the surface of a s-PEEK composite membrane containing 20
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wt.-% PEOS and no HWA. Also in this case objects of 500 nm to 1 μm in size can be
seen but more irregularly shaped as in the case of imaging the cross section of the
membrane containing also HWA (Figure 10.5). Taking a look to the TEM image of the
membrane containing only PEOS (see right side of Figure 10.6) one can see a very similar
finely dispersed phase in the nanometer range as in Figure 10.5. Pure s-PEEK itself shows
no such finely dispersed phase. Therefore one can conclude that the inorganic material
(PEOS as well as a combination of PEOS and HWA) exhibits a bimodal size distribution
embedded in the s-PEEK matrix.
The hypothesis that the observed proton conductivity result from proton transport along
the interface between the oxide phase and the sulfonated PEEK is supported by the
dependence of the proton conductivity on the SiO2 fraction in the films shown in the left
diagram of Figure 10.4. In contradiction to this, the SEM image in Figure 10.5 shows,
however, isolated microspheres of SiO2 with literally no adhesion to the matrix polymer.
Such a biphase structure must, however, yield a proton conductivity comparable to that of
pure s-PEEK. The apparent contradiction can be resolved, if one assumes the presence of
nanoscopic, percolating SiO2/HWA domains within the s-PEEK matrix as it is indicated
by the transmission electron micrograph in Figure 10.5. Hence, it can be assumed that the
microsphere structure shown in the SEM-image is not responsible for the observed proton
conductivity but an misleading artifact based on the poor control of the phase segregation
process.
In order to prepare an ultrafine interpenetrating network of a sulfonated polymer (here s-
PEEK) and SiO2, a concept was followed where the phase texture origins from
spontaneous, spinodal decomposition of the two polymers and is arrested in its early
stages due to vitrification and cross-linking: Demixing of an initially homogeneous
mixture occurs if the compatibility of the components is lowered, e.g. by changes in the
temperature, by adding or removing components of the mixture or by polymerization of
one of the components. If the mixture at the point of phase separation is close to its
critical composition, spinodal demixing occurs. As a result of spinodal phase separation
initially a finely dispersed morphology is formed. If both components are liquid, this
morphology rapidly coarsens through coalescence of domains and Oswald ripening. If
one of the components vitrifies immediately after phase separation, the fine morphology
can be preserved. An ultra fine spinodal phase structure can be formed by a temperature
quench below the glass transition temperature of one of the two phases.
[62]
 Similarly, a
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two phase structure can be formed and arrested by segregation of two immiscible
polymers upon evaporation of a homogenizing solvent. If one of the two polymers has a
high glass transition temperature, the phase segregation process will be arrested also, i.e.,
at the moment the solvent concentration in the corresponding micro phase is reduced to
such an extent so that vitrification (abolition of plastification) takes place at the respective
temperature.
Therefore further experiments were conducted to achieve improved control on the phase
texture upon film formation. To achieve rapid evaporation of the homogenizing solvent
NMP film formation was performed (i) in a centrifuge acc. to method 3 and (ii) by
spraying an aerosol onto a preheated glass plate acc. to method 4. (i) The rapid rotation of
the centrifuge generates air convection increasing the rate of evaporation of the solvent.
Figure 10.7 shows a scanning electron microscopy image of a membrane prepared using a
centrifuge. As can be seen also in this case μm large ball like objects are formed. These
objects look very similar to the ones in Figure 10.5. It seems the evaporation rate of the
solvent is still not fast enough to ensure vitrification of the components immediately after
demixing starts. Further experiments using a centrifuge should focus on heating the
beaker of the centrifuge (Figure 10.1) during film formation to achieve an even higher
evaporation rate.
Figure 10.7: Scanning electron microscopy image of a membrane containing 30 wt.-%
PEOS prepared using a centrifuge according to method 3.
(ii) In another type of experiment an aerosol of the mixture was sprayed onto a glass plate
preheated to 100°C. Figure 10.8 shows scanning electron microscopy images of a cross
section of a membrane obtained by this process. Also in this case μm large objects can be
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seen. But it looks like these objects are enriched near the top side of the membrane. The
bottom side of the membrane has a more irregular shaped texture, no such ball like
objects can be observed. This might be due the film formation started at the bottom side
of the membrane, which was in contact with the preheated glass plate and where the film
formation started in the moment the first aerosol droplets got in contact with the hot glass
plate. Evaporation of solvent from these first droplets was high enough to ensure
vitrification immediately after demixing begun, but the evaporation of solvent also cooled
the system and evaporation of solvent of further aerosol deposited was not fast enough
anymore.
Figure 10.8: Scanning electron microscopy images of a composite membrane containing
50 wt.-% PEOS prepared according to method 4 via spraying. Left image: cross section
with the top of the membrane on the left side and with the bottom side of the membrane,
which was in contact with the glass plate, at the right side of the image. Right image:
Higher magnification of the membrane part being near the top.
Another possible method to get a nano scale distribution of the inorganic material in the s-
PEEK matrix is to impregnate it with a prehydrolyzed solution of PEOS in a
methanol/water mixture. Prehydrolysis of the polyethoxysiloxane means ethoxy groups
are replaced by OH groups followed by partial condensation of these groups via
elimination of water as sketched in Figure 10.9.
[57,63,64]
 This process changes the material
property from hydrophobic to hydrophilic. Whereas polyethoxysiloxane is soluble in
organic solvents like toluene and hexane, the hydrolyzed product is not. Vice versa the
hydrolyzed product is soluble in water, but the polyethoxysiloxane not. Tetrahydrofurane
and low aliphatic alcohol like methanol and ethanol are common solvents for both
materials.
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Figure 10.9: Schematic drawing of the partial hydrolysis and partial condensation of
polyethoxysiloxane in solution.
The impregnation or drowning of a s-PEEK membrane was done via swelling with a
solution of such prehydrolyzed polyethoxysiloxane in a methanol/ water mixture at
elevated temperatures. In contrast to the membranes obtained so far, the membrane
obtained by this method is brittle. Scanning electron microscopy shows no objects in the
μm range, but one can observe white areas with a diameter of roughly 60 nm (Figure
10.10). The chemical nature of these spots is not clear so far, because using transmission
electron microscopy no such objects can be observed.
Figure 10.10: Scanning electron microscopy images (top) and TEM image (bottom) of a
cross section of a composite s-PEEK membrane prepared via prehydrolysis of PEOS and
incorporation via swelling using a methanol/water mixture according to method 5.
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10.4 Conclusion
Mixing of polyethoxysiloxane and sulfonated polyetheretherketone in solution and
evaporation of the solvent results in composite materials showing a morphology in the
micrometer as well as in the nanometer range. Several attempts like film formation in a
centrifuge or spray drying of the mixture were performed to reduce the volume fraction of
the phase in the micrometer range. In all these cases the micrometer sized morphology
was preserved. The only way so far to eliminate this coarse phase is to impregnate
sulfonated polyetheretherketone with a prehydrolyzed polyethoxysiloxane solution. In
this case the composite film is transparent and no micrometer size objects can be
observed. The use of composite materials in fuel cells especially in combination with
heteropolyacids like phosphotungstic acid seems to be promising. Compared to the pure
sulfonated polyetheretherketone the composite membranes show a reduced swelling
behavior in water and a increased proton conductivity at elevated temperatures. Both
properties should result in an increase of the performance of a fuel cell. Operating fuel
cells with such membranes will show if this assumption is valid. Further improvements
might be possible by varying the type of organic proton conducting material, e.g. Nafion
®
or sulfonated polyaryleneethersulfon.
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Summary
This dissertation is concerned with the synthesis and characterization of different
monomeric and polymeric alkoxymetallates like siloxanes and titanates. These polymers
are used as precursors for ultrahydrophobic coatings and inorganic-organic composites of
polypropylene and sulfonated polyetheretherketone. The properties of these materials in
terms of possible applications are discussed.
Different hyperbranched polyethoxysiloxane polymers using triethoxysilanol and
acetoxytriethoxysilane as AB3 type monomers were synthesized. Beside of using AB3
monomers, it was possible to synthesize hyperbranched polyethoxysiloxanes also via a
titaniumalkoxide catalyzed reaction of tetraethoxysilane with acetic anhydride in a one
pot reaction. Polyethoxysiloxanes are liquids and soluble in organic solvents. NMR and
MALDI-ToF-MS analysis showed that the polymers obtained by the silanol route have a
hyperbranched structure with some cycle formation. Rather similar polymers could be
synthesized by the acetoxyroute, which is technologically much more feasible. For these
polymers 
29
Si NMR indicates a less branched structure, which was however not
confirmed by the []/Mn values. The synthesis via acetoxytriethoxysilane allows
furthermore a distinct control of the molar mass of the polyethoxysiloxane. The products
obtained via this route still contain acetoxygroups after short reaction times, but the
amount decreases with longer times. Using the titanium catalyzed one pot reaction it was
possible to synthesize large amounts in short time. The molecular structure and molar
mass of this polymers are very similar to that obtained via the silanol route and the
polymer do not contain any acetoxygroups. This synthesis route seems to have a great
potential for large scale production of polyethoxysiloxanes. Compared to ´ethylsilicates´
synthesized via hydrolysis and condensation of tetraethoxysilane the polymers
synthesized here do not contain any hydroxygroups. The products are stable and low
molar mass volatile fractions can be eliminated fully. This was shown by stripping using
different procedures. By thin layer short path distillation it was shown that low molar
mass compounds can be removed very effectively. Methods like normal vacuum
distillation at higher temperatures, where the polymers stay for prolonged time at high
temperatures result in cross linking reactions, while at least tetraethoxysilane evolves.
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Using these methods the molar mass and the viscosity can be increased very effectively,
but also the molecular structure changes due to the cross linking reactions. Nevertheless
all products obtained were soluble in organic solvents. Therefore stripping of
polyethoxysiloxane is a versatile tool to further decrease the amount of volatile
compounds in the polymer together with the option to increase the viscosity up to five
orders of magnitude and to increase the silica equivalent content up to 59 wt.-%.
Further polymers synthesized and discussed in this thesis are polyorganoalkoxysiloxanes
using different reaction pathways depending on the monomer used. Reaction of
methyltriethoxysilane or heptadecafluoro-(1,1,2,2,)-tetrahydrodecyltriethoxysilane with
acetic anhydride using titaniumethylate as catalyst gave polymers in quantitative yields.
29
Si NMR investigations of the molecular structure revealed the hyperbranched nature of
the polymers having nearly the theoretically expected distribution of terminal-, linear- and
dendritic subunits. Different from theory these polymers exhibit as in the case of
polyethoxysiloxanes cyclic structures. In the case of polyheptadecafluoro-(1,1,2,2,)-
tetrahydrodecyl-ethoxysiloxane ethoxygroups in excess were observed, due to a relatively
low polymerization degree. For synthesis of polyaminopropylethoxysiloxane the reaction
with acetic anhydride cannot be used, whereas the use of the ´silanol route´ yielded a
polymeric material. 
29
Si NMR investigations showed the branched nature of this material,
nevertheless the amount of terminal groups was significantly lower compared to theory.
Attempts to synthesize polyorganomethoxysiloxane or polydimethoxysiloxane using
acetic anhydride and titaniumalkoxide as catalyst failed due to gelation. Nevertheless it
was possible to synthesize polyacetoxymethoxysiloxane, in case no catalyst was used.
29
Si NMR investigations showed in that case a low degree of branching and a acetoxy to
methoxy ratio of 40 mol-%. No long term stability test were made, but it can be assumed,
that the properties of this polymer change with time, due to the presence of acetoxygroups
and crosslinking reactions. In another series of experiments it was shown that
polyethoxysiloxane can be functionalized with acetoxygroups in a controlled way giving
polymers with an increased molar mass and silicon content due to crosslinking reactions.
Neglecting polymethoxysiloxanes, all polyorganoalkoxysiloxanes synthesized via acetic
anyhdride are soluble in organic solvents and can act as precursor polymers for new forms
of organosiloxane materials. Regarding other organotrialkoxysilanes having
polymerizable groups like vinyl, methacrylic or epoxy groups, it should be possible using
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the described non-hydrolytic polymerization pathway to produce highly interesting
polymers for application in the field organic-inorganic hybrid materials.
Some possibilities for the preparation of polymeric mixed element alkoxides were
investigated using polyethoxysiloxane as starting compound. Two different strategies
were used. In case of phosphorus silicon alkoxides the reaction of dibuthylphosphate
acting as a AB2 monomer with polyethoxysiloxane was studied. Heterocondensation via
forming of Si-O-P bonds as well as P-O-P bond formation via homocondensation was
observed. Reaction products like dibutylphosporyloxytriethoxysiloxane and results from
SEC indicate fission of Si-O-Si bonds. In case of titanium-silicon alkoxides a different
reaction pathway was used. The formation of Ti-O-Si bonds was studied using the
reaction of polyacetoxyethoxysiloxane with tetraethyl orthotitanate. As in the case of
phosphorus-silicon alkoxides side reactions beside the desired heterocondensation process
occurred. IR spectrometry showed an acetoxy group exchange between silicon and
titanium. High molar mass products produced via crosslinking reactions were observed
with SEC. But no distinction could be made if these products are caused via homo- or
heterocondensation. Nevertheless the products obtained according to both strategies were
soluble in organic solvents and might be used as precursors for mixed element oxides.
One case of a polymeric heteroelement alkoxide other than silicon was studied in
addition. The reaction of tetraethyl orthotitanate with acetic anhydride yielded a high
viscous substance soluble in organic solvents with a stoichiometry indicating a
composition close to the theoretical one with additional acetoxy groups.
The second part of this thesis is concerned with applications of the derived polymers.
They were used as precursors for coatings and inorganic-organic composite materials. In
case of coating applications it was shown that polyethoxytitanate can be used for the
preparation of transparent titanium dioxide coatings on glass substrates. Applications of
such coatings may range from photo-catalysis to self-cleaning materials. Other self-
cleaning coating were designed using polyethoxysiloxanes as polymeric binder in
combination with hydrophobized silica colloids and a fluorine top layer to give coatings
showing ultrahydrophobic behavior. Water droplets applied to these coatings roll of the
surfaces even at slight angles of inclination. Compared to coatings made with
tetraethoxysilane as a binder for the silica colloids the coatings made from
polyethoxysiloxane exhibit a higher wear resistance. Calcination of the coatings before
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applying the fluorine top layer increases the wear resistance further. Due to the
micrometer size of the silica colloidal agglomerates the coatings are turbid. Further
studies have to focus on reducing the size of the colloids and agglomerates to get
coatings, which exhibit optical transmittance.
Concerning the topic of inorganic-organic composite materials two different systems were
investigated. In the first case polypropylene was melt blended with hyperbranched
polyethoxysiloxane as a silica prepolymer and for comparison with two commercially
available colloidal silica fillers. The obtained composites were investigated according to
their filler content in bulk and at the surface, phase morphology and ability to improve the
scratch resistance by means of the contact angle of water applied to the surface. Silica
contents at the surface were found to be lower as in the bulk. In case of the commercial
fillers the colloids form agglomerates, whereas in case of hyperbranched
polyethoxysiloxane no agglomeration was observed. In contrast to that phase morphology
mixing of polyethoxysiloxanes with a hydrophilic polymer like sulfonated
polyetheretherketone (sPEEK) resulted in phase separation in the micrometer as well as
nanometer length scale. Several attempts like film formation in a centrifuge or spray
drying of the mixture were performed to reduce the volume fraction of the phase in the
micrometer range. In all these cases the micrometer sized morphology was preserved. The
only way so far to eliminate this coarse phase is to impregnate sPEEK with a
prehydrolyzed polyethoxysiloxane solution. In this case the composite film is transparent
and no micrometer size objects can be observed. The use of these composite materials in
fuel cells especially in combination with heteropolyacids like phosphotungstic acid seems
to be promising. Compared to the pure sPEEK the composite membranes show a reduced
swelling behavior in water and a increased proton conductivity at elevated temperatures.
Both properties should result in an increase of the performance of a fuel cell.
All the studies performed in this work show that (i) hyperbranched polyalkoxysiloxanes
can be synthesized rather easily. Especially the one pot synthesis using acetic anhydride
in combination with a catalyst seems to have great potential for large scale production. (ii)
The polymers synthesized are valuable precursors in all fields of sol-gel chemistry and
inorganic-organic composite materials. For the future a huge field of research has been
opened regarding the synthesis of hyperbranched precursors polymers for other metal
oxides and mixed metal oxides and applications thereof.
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Zusammenfassung
Die vorliegende Dissertation behandelt die Synthese und Charakterisierung verschiedener
monomerer und polymerer Alkoxymetallate wie beispielsweise Siloxane und Titanate.
Diese Polymere dienen als Vorstufen für ultrahydrophobe Beschichtungen und
anorganisch-organische Komposit Materialien bestehend aus Polypropylen und
sulfoniertem Polyetheretherketon. In Bezug auf mögliche Anwendungen werden die
interessantesten Eigenschaften dieser Materialien diskutiert.
Verschiedenste hochverzweigte Polyethoxysiloxane wurden aus Triethoxysilanol und
Acetoxytriethoxysilan entsprechend ihrer AB3 Funktionalität hergestellt. Desweiteren war
es möglich hochverzweigtes Polyethoxysiloxan in einer einstufigen Reaktion aus
Tetraethoxysilan und Essigsäureanhydrid in Kombination mit einer titanorganischen
Verbindung als Katalysator herzustellen. Polyethoxysiloxane sind flüssig und löslich in
allen gängigen organischen Lösemitteln. NMR und massenspektrometrische
Untersuchungen zeigten, daß die Polymere mittels Tirethoxysilanol eine hochverzweigte
Struktur mit zyklischen Unterstrukturen aufweisen. Sehr ähnliche Polymere konnten
mittels Acetoxytriethoxysilan hergestellt werden, wobei diese Methode technisch sehr
viel leichter umzusetzen war. 
29
Si NMR Untersuchungen zufolge weisen diese Polymere
eine geringer verzweigte Struktur auf. Der Zusammenhang zwischen intrinisischer
Viskosität und Molmasse konnte dies jedoch nicht bestätigen. Desweiteren erlaubt die
Synthese mittels Acetoxytriethoxysilan eine genaue Kontrolle der molare Masse. Die
Produkte weisen nach kurzen Reaktionszeiten zwar noch Acetoxygruppen auf, wobei die
Anzahl dieser Gruppen jedoch mit längeren Reaktionszeiten abnimmt. Mittels der
titankatalysierten Eintopfreaktion war es möglich große Mengen dieser Polymere
innerhalb kurzer Zeiten herzustellen. Die Molekulare Struktur und die molare Masse
dieser Polymere sind denen der Silanol Route sehr ähnlich und weisen keine
Acetoxygruppen mehr auf. Diese Syntheseroute besitzt ein sehr großes Potential für die
großtechnische Herstellung von hochverzweigtem Polyethxysiloxan. Verglichen mit
„Ethylsilikaten“, die durch Hydrolyse und Kondensation von Tetraethoxysilan hergestellt
werden, weisen die Polymere hier keine Hydroxygruppen auf. Sie sind stabil und
niedermolekulare flüchtige Bestandteile können zur Gänze durch Strippen entfernt
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werden. So konnten mittels eines Dünnschichtverdampfers niedermolekulare
Verbindungen sehr effektiv entfernt werden, ohne daß sich die Produkte durch
Nebenreaktionen verändern. Durch andere Methoden wie normale Vakuumdestillation für
längere Zeit bei erhöhter Temperatur können Vernetzungsreaktionen unter Entstehung
von Tetraethoxysilan auftreten. Werden solche Methoden verwendet, kann die molare
Masse und Viskosität sehr effektiv erhöht werden, allerdings verändert sich auch die
molekulare Struktur aufgrund dieser Vernetzungsreaktionen. Nichtsdestotrotz sind alle
erhaltenen Produkte löslich in organischen Lösemitteln. Aus diesem Grund ist das
Strippen von Polydiethoxysilxoxan eine vielseitige Möglichkeit um die Menge an
flüchtigen Verbindungen weiter zu reduzieren und optional die Viskosität um bis zu fünf
Größenordnungen und dabei auch den Siliziumdioxid Gehalt auf bis zu 59
Gewichtsprozent zu erhöhen.
Desweiteren wurden in dieser Arbeit Polyorganoalkoxysiloxane synthetisiert, die je nach
Art des Monomers auf unterschiedliche Art und Weise hergestellt wurden. Die Reaktion
von Methyltriethoxysilan oder von Heptadecafluoro-(1,1,2,2,)-
tetrahydrodecyltriethoxysilane mit Essigsäureanhydrid und Titanethylat als Katalysator
liefert Polymere in quantitativer Ausbeute. 
29
Si NMR Untersuchungen zufolge weisen
diese Polymere nahezu die theoretisch erwartete Verteilung von Endgruppen, Linearen
Gruppen und dendritischen Verzweigungsgruppen auf. Im Unterschied zur Theorie
weisen diese Polymere wie auch Polyethoxysiloxane zyklische Strukturen auf. Im Falle
des fluorierten Polymers werden aufgrund eines niedrigen Polymerisationsgrad Ethoxy
Gruppen im Überschuß gefunden. Um hochverzweigtes Polyaminopropylethoxysiloxan
zu synthetisieren, kann die Reaktion mit Essigsäureanhydrid nicht verwendet werden, da
dieses mit den Aminogruppen reagiert. Wird jedoch die Polymerization nach der Silanol-
Route durchgeführt, wird ein polymere Substanz erhalten. 
29
Si NMR Untersuchungen
zeigten jedoch, daß im Verhältnis zur Theorie von hochverzweigten Polymerisationen zu
wenig Endgruppen im Polymer vorhanden sind. Versuche zur Synthese von
Polyorganomethoxysiloxane oder Polydimethoxysiloxane mittels Essigsäureanhydrid
unter Verwendung von Tetraethylorthotitanat als Katalysator schlugen fehl, weil die
Reaktionsmischungen gelierten. Wird kein Katalysator verwendet, erhält man ein
Polymer, welches einen niedrigen Verzweigungsgrad und im Verhältnis zu den methoxy
Gruppen ca. 40 mol-% acetoxy Gruppen aufweist. Demzufolge wurde dieses Polymer als
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Polyacetoxymethoxysiloxane bezeichnet. Es wurden zwar keine Langzeit Tests mit dieser
Substanz durchgeführt, es kann jedoch davon ausgegangen werden, daß sich die
Eigenschaften aufgrund von Vernetzungsreaktionen mit der Zeit ändern. In einer weiteren
Serie von Experimenten wurde gezeigt, daß es möglich ist, Polyethoxysiloxane mit
Acetoxygruppen kontrolliert zu funktionalisieren. Hierbei werden Polymere erhalten, die
aufgrund von Vernetzungsreaktionen eine erhöhte molare Masse und einen erhöhten
Siliziumgehalt aufweisen. Zusammenfassend kann gesagt werden, daß bis auf die Gruppe
der Polymethoxysiloxane alle Polyorganoalkoxysiloxane, die mittels Essigsäureanhydrid
hergestellt wurden, löslich in organischen Lösemitteln sind und als Vorstufen für
neuartige Materialien dienen können. Durch den Einsatz des hier beschriebenen „nicht-
hydrolytischen“ Syntheseweges sollte es speziell im Falle von Organotrialkoxysilane mit
polymerisierbaren organischen Seitengruppen, wie beispielsweise Vinyl-, Methacryl-,
Isocyanate- oder Epoxy-Gruppen, möglich sein, hoch interessante Polymere für
Anwendungen auf dem Gebiet der anorganischen-organischen Hybrid Materialien
herzustellen.
Zwei verschiedene Strategien zur Synthese und Untersuchung von polymeren
Mischelement Alkoxiden unter Verwendung von Polyethoxysiloxan wurden angewendet:
(i) im Falle von Silizium-Phosphor-Alkoxiden wurde die Reaktion von Dibuthylphosphat,
welches eine AB2 Funktionalität aufweist, mit Polyethoxysiloxan untersucht. Mittels
NMR konnte gezeigt werden, daß sowohl Heterokondensation unter der Bildung von Si-
O-P Bindungen als auch Homokondensation unter der Bildung von P-O-P Bindungen
auftritt. Reaktionsprodukte wie Dibutylphosporyloxytriethoxysiloxan und Ergebnisse aus
SEC Untersuchungen deuten allerdings auch auf Spaltung von Si-O-Si Bindungen hin.
(ii) im Falle von Mischelement-Alkoxiden aus Titan und Silizium wurde ein anderes
Verfahren angewendet. Die Bildung von Ti-O-Si Bindungen wurde anhand der Reaktion
von Polyacetoxyethoxysiloxan mit Tetraethylorthotitanat untersucht. Wie im Falle der
Phosphor-Silizium Alkoxide treten auch hier neben der erwünschten Heterokondensation
unerwünschte Nebenreaktionen auf. So konnte mittels IR Spectrometrie gezeigt werden,
daß es zu einem Austausch von Acetoxy Gruppen zwischen Silizium und Titan kommt.
Hochmolekulare Produkte konnten mittels SEC nachgewiesen werden und entstehen
durch Vernetzungreaktionen. Allerdings konnte keine Aussage getroffen werden, ob diese
Produkte durch Homo- oder Heterokondensation entstanden sind. Dennoch sind die
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Substanzen löslich in organischen Lösemitteln und können als Ausgangsstoffe für
Mischelement Oxide Verwendung finden. Desweiteren wurde ein Fall eines reinen
polymeren Heteroelement Alkoxids untersucht. Die Reaktion von Tetraethylorthotitanat
mit Essigsäureanhydrid liefert eine hochviskose Substanz, die in organischen Lösemitteln
löslich ist. Es zeigte sich, daß die Zusammensetzung fast der theoretisch erwarteten
entspricht. Allerdings wurden auch verbleibende Acetoxy Gruppen in der Substanz
nachgewiesen.
Der zweite Teil dieser Arbeit befaßte sich mit den Anwendungen der hergestellten
Polymere. Sie wurden als Vorstufen für Beschichtungen und anorganisch-organische
Komposit Materialien verwendet. Im Falle von Beschichtungen wurde gezeigt, daß
Polyethoxytitanat zur Herstellung von transparenten Titandioxid Beschichtungen auf Glas
Substraten dienen kann. Anwendungen solcher Beschichtungen reichen von
Photokatalyse bis zu selbstreinigenden Oberflächen. Eine selbstreinigende Beschichtung
wurde auch unter Verwendung von Polyethoxysiloxan als polymeren Binder, für
hydrophobierte Silica Kolloide und fluorierten Polymeren als oberste Schicht hergestellt.
Es zeigte sich, daß eine solche Beschichtung aufgrund der speziellen
Oberflächentopographie ultrahydrophobe Eigenschaften aufweist. Schon bei kleinsten
Neigungswinkeln beginnen Wassertropfen, die zuvor aufgebracht wurden, über diese
Oberflächen zu rollen. Hierbei nehmen diese Wassertropfen Schmutzpartikel auf und
reinigen auf diese Weise die Oberfläche. Beschichtungen, die ohne polymeren Binder
sondern mit Tetraethoxysiloxan als Bindemittel für die Slica-Kolloide hergestellt wurden,
sind sehr viel anfälliger gegenüber Kratzern und mechanischer Beschädigung. Die
Abriebfestigkeit der Beschichtungen mit polymerem Binder kann noch weiter erhöht
werden, wenn die Beschichtungen vor dem Aufbringen des Flourpolymers kalziniert
werden. Aufgrund der Größe der Silica-Kolloid Agglomerate im Micrometer Bereich sind
die Beschichtungen trübe. Weitergehende Untersuchungen müssen demzufolge darauf
abzielen, die Größe der Kolloide und Agglomerate zu reduzieren, um optisch transparente
Beschichtungen für den Einsatz zum Beispiel als Fensterglasbeschichtungen zu erreichen.
Der Einsatz von Polyethoxysiloxan in organisch-anorganischen Komposit Materialien
wurde anhand von zwei verscheidenen Systemen untersucht. (i) Zum Einen wurde
Polypropylen in geschmolzenem Zustand mit hochverzweigtem Polyethoxysiloxan
vermischt und mit zwei kommerziell erhältlichen Silica-Kolliden als Füllstoff verglichen.
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Die so erhaltenen Komposite wurden in Bezug auf den Füllstoffgehalt an der Oberfläche,
den Gesamtfüllstoffgehalt, die Phasenmorphologie und den Kontaktwinkels gegen
Wassers als Anzeichen für eine mögliche verbesserte Kratzfestigkeit der Oberfläche
untersucht. Es zeigte sich, daß der Siliziumgehalt an der Oberfläche geringer ist als der
Gesamtsiliziumgehalt. Die kommerziellen Füllstoffe neigen zur Agglomeration,
wohingegen im Falle des hochverzeigten Polyethoxysiloxans keine Agglomeratbildung
beobachtet werden konnte. (ii) Im Gegensatz hierzu wurde im Falle des Einbringens von
Polyethoxysiloxan in ein hydrophiles Polymer wie dem sulfonierten Polyetheretherketon
Phasenseparation sowohl im Micrometer als auch im Nanometer Bereich festgestellt.
Mittels verschiedenster Ansätze wie Filmbildung in einer Zentrifuge oder Sprühtrocknen
wurde versucht, den Anteil der anorganischen Phase im Micrometer Bereich zu
reduzieren. Jedoch konnte in allen Fällen diese Morphologie im Micrometer Bereich
beobachtet werden. Nur durch Imprägnieren des sulfonierten Polyetheretherketons mit
vorhydrolysiertem Polyethoxysiloxan in Lösung wurde eine Morphologie ohne diese
grobe Phasenstruktur erhalten. In diesem Fall sind die Komposite transparent und Objekte
im Micrometer Bereich werden nicht beobachtet. Die Anwendung solcher Komposit
Materialien in Brennstoff Zellen scheint in Besonderem Maße unter Verwendung von
Heteropolysäuren wie Phosphorwolframsäure vielversprechend. Verglichen mit reinem
sulfonierten Polyetheretherketon zeigen die Komposit Membranen ein verringertes
Quellverhalten in Wasser und eine erhöhte Protonenleitfähigkeit bei erhöhten
Temperaturen. Beide Eigenschaften sollten zu einer Steigerung der Leistungsfähigkeit
von Brennstoff Zellen führen.
Alle Untersuchungen, die in der vorliegenden Arbeit durchgeführt wurden zeigen, daß (i)
hochverzweigte Polyalkoxysiloxane relativ leicht synthetisiert werden können. Speziell
die titankatalysierte Ein-Topf Synthese basierend auf Essigsäureanhydrid hat großes
Potential für großtechnische Anwendungen. (ii) Die auf diese Weise gewonnenen
Polymere sind wertvolle Vorstufen bezüglich Sol-Gel technischer Anwendungen und
organisch-anorganischer Komposit Materialien. So wurde ein weites Feld für zukünftige
Forschungen auf dem Gebiet der hochverzweigten Polymersynthesen zur Anwendung als
Vorstufenmaterialien für Metalloxide und Mischmetalloxide eröffnet.
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